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Polymer/clay nanocomposites (PCNs) have drawn great attention both from 
industry and academia due to their remarkable enhancement of mechanical, 
thermal and barrier properties compared to traditional polymers. Although the 
elastic properties of PCNs have been extensively studied and well documented, 
their damage behavior has not yet been completely addressed. In this thesis, 
the damage behavior of two typical PCNs systems, namely epoxy/clay 
nanocomposites (ECNs) and nylon 6/clay nanocomposites (NCNs) were 
characterized by a 3D representative volume element (RVE) model 
implemented with a computational homogenization approach. Despite all the 
advances in polymer nanocomposites, as discontinuous reinforcement, 
nanoparticle filled polymer composites cannot achieve the strength and the 
modulus comparable to that of the continuous fiber reinforced polymers 
(FRPs). Fiber reinforced polymer/clay nanocomposites (FRPCNs) are 
developed to harness both the advantages of the PCNs and FRPs. The damage 
behavior of FRPCNs under transverse tensile loading was also studied to 
highlight the application of PCNs. 
 
For the PCNs systems, a 3D RVE model, which consists of the polymer 
matrix, the clay platelets, the gallery layer and the interphase layer, was 
developed to mimic the microstructure of actual PCNs. Different appropriate 
damage criteria were used to describe the material behavior of these 




deformation of nylon 6 was mimicked by the progressive ductile damage 
(PDD) criterion or the Gurson-Tvergaard-Needleman (GTN) model. The 
traction-separation law was used for the gallery layer and interphase layer. 
  
Effects of parameters of constituents, such as structural parameters of the clay 
particle, the strength of the interphase layer and the gallery layer, on the 
constitutive relationship and the damage behavior of the PCNs were studied 
by a computational homogenization approach implemented with explicit finite 
element method (FEM). It was found that for both the ECNs model and the 
NCNs model, the predicted constitutive relationship and fracture patterns are 
close to the experimental data. Moreover, the clay particles with less number 
of silicate layers or larger particle size could lead to an increase in elastic 
stiffness and stress at engineering strain 0.1 for the NCNs model but a 
decrease in tensile strength for the ECNs model. In addition, the damage 
mechanisms of PCNs were found to be related to the strength of the gallery 
layer and the interphase layer. A lower strength of the gallery layer or the 
interphase layer could respectively cause damage to initiate as splitting of the 
gallery layer or debonding of the interphase layer, leading to reduction in the 
strength of PCNs. These results could be used as guidelines for manufacturing 
PCNs with interfaces having high quality. 
 
For the fiber reinforced PCNs (FRPCNs), an effective clay model was 
proposed to reduce the computational time in explicit FEM. A corresponding 
user defined material subroutine (VUMAT) was developed to describe the 




(Abaqus). The damage analysis of the FRPCNs under transverse tensile 
loading was also conducted by computational homogenization. Results 
indicate the interphase between the fiber and matrix is the key factor which 
dominates the strength of the FRPCNs. The effect of adding nano-clay to 
FRPs in order to increase interfacial strength, however, needs to be further 
studied. 
 
Overall, this study suggests the 3D RVE model implemented with 
computational homogenization method and appropriate damage criteria could 
successfully replicate the properties of ECNs/NCNs. To the best knowledge of 
the author, this is the first 3D RVE model which takes into account the 
damage behavior for both the interfacial layers and the polymer matrix in 
polymer/clay nanocomposites. This method could be applied to other PCNs 
provided material properties of their constituents are well characterized.  
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Chapter 1  






Polymer nanocomposites are a novel class of materials where nanometer-sized 
fillers are introduced into a distinct polymer matrix. In recent years, polymer 
nanocomposites have drawn great attention both in academia as well as 
industry. This is due to the fact that these nanocomposites exhibit significant 
improvements in mechanical, thermal and barrier properties compared with 
the traditional polymers [1-3]. A polymer nanocomposites system generally 
contains two material phases - the polymer matrix and nanometer-sized fillers. 
The polymer matrix could be either a thermoplastic polymer or thermoset 
polymer. According to their shape, nanometer-sized fillers can be divided into 
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dot-like, tube-like and plate-like. Examples of these three types of nanometer-
sized fillers are nano-silica, nano-tube and nano-clay respectively. Among 
various polymer nanocomposites, the polymer/clay nanocomposites (PCNs) 
have been most widely used in automotive structures, aircrafts, infrastructure, 
etc. Nano-clay is usually referred to as a natural mineral with a sandwich 
structure consisting of silicate platelets and interlayers of galleries in between 
[4]. The most commonly used mineral is montmorillonite (MMT) or its 
modified form with organic treatment.  
 
Various PCNs have been developed and characterized since the Toyota 
research group (1993) produced the first type of PCNs, namely nylon 6/clay 
nanocomposites (NCNs) [5]. The nylon 6 used in the NCNs is one typical 
thermoplastic polymer. The most widely used thermoset PCNs is epoxy/clay 
nanocomposites (ECNs). Both NCNs and ECNs exhibit remarkable 
enhancements in mechanical properties compared with the pure polymers. 
Massive research work has been carried out to address the microstructure-
property relationship of PCNs. That is because the mechanical properties, 
especially the damage mechanisms of PCNs are strongly related to the 
material microstructure. Although the damage mechanism of PCNs has been 
studied, it is still an open problem for consideration in structural and practical 
applications. Numerical modeling methods have been proven to be effective 
approaches and are widely adopted to study the microstructure-properties 
relationship of nanocomposites systems. Numerical models could explicitly 
represent the heterogeneity of material of PCNs. Moreover, damage initiation, 
damage propagation and the local deformation of PCNs could be characterized 
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and quantitatively collected in the numerical predictions. In sum, for the PCNs 
systems, a fundamental task for a reliable prediction is establishing a 
numerical model which should accurately reflect the morphologies of PCNs. 
Traditionally, transmission electron microscopy (TEM) and X-ray diffraction 
(XRD) are used to characterize nanocomposites at the nano-scale resolution 
[6]. TEM and XRD provide essential information on the structure of the 
nanocomposites. TEM is used to give qualitative information and extensive 
imaging is required to ensure a representative view of the whole material, 
whereas XRD allows quantification of changes in layered-platelet spacing. 
Other methods such as small-angle X-ray scattering and rheological 
measurements also serve to complement the XRD and TEM data. It should be 
noted that although the polymer matrices could be different, the morphologies 
of nanocomposites are almost the same in different PCNs systems. 
 
There are three typical morphologies of nanocomposites depending on the 
degree of exfoliation of the clay platelets [6]. They are microcomposites, 
intercalated nanocomposites and exfoliated nanocomposites as shown in 
Figure 1.1. In microcomposites, clay tactoids exist with no penetration of the 
polymer into the clay platelet. In an intercalated nanocomposites, the insertion 
of polymer into the clay structure occurs to swell the spacing between platelets 
in a regular fashion. In exfoliated nanocomposites, the individual clay layers 
are dispersed as single platelets into a continuous polymer matrix. Many of the 
properties associated with PCNs are a function of the extent of exfoliation of 
the individual clay sheets. The higher the degree of exfoliation, the better the 
clay platelet can transfer load, leading to a higher stiffness. However, 100% 
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exfoliated condition is never achieved. From the view of continuum 
mechanics, the damage mechanisms differ for different types of morphologies 
of PCNs. For microcomposites of PCNs, damage usually occurs due to stress 
concentration. For exfoliated PCNs, failure could easily form at the interface 
area between the nano-clay and polymer because of weak cohesion. When it 
comes to intercalated PCNs, the damage could start by splitting of the clay 
platelets or debonding of the interface as in exfoliated PCNs. For all these 
types of PCNs, the low adhesion force among polymer molecules could also 
lead to void formulation. In the next sections, different modeling approaches 




Figure 1.1 Schematic illustrations of polymer/clay nanocomposites morphologies. (a) 
Microcomposite (b) Intercalated nanocomposites and (c) Exfoliated nanocomposites, 
reprinted from [6]. 
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1.2 Review of Studies on Mechanical Properties of PCNs 
 
Experimental work, analytical modeling and numerical modeling method are 
widely used in material science to understand and explain microstructure 
versus mechanical properties relationship. In this section, studies on PCNs 
from these three approaches will be reviewed and discussed. The limitations of 
these existing approaches will also be identified. 
 
1.2.1 Experimental Work on PCNs 
 
Toyota research group [5] produced the first PCNs-nylon 6/clay 
nanocomposites (NCNs). They also performed tensile, flexural, impact and 
heat distortion tests to estimate the mechanical properties of NCNs. It is found 
that the strength and elastic stiffness of NCNs incorporating less than 5% 
weight fraction of nano-clay are superior to that of pure nylon. Since the 
pioneering work of the Toyota research group, various PCNs, which are 
classified according to the polymer matrix, have been produced, such as epoxy 
[7-13], polyimide [14], polystyrene [15] polyurethane [16], and polypropylene 
[17]. These PCNs all exhibit improved mechanical performance.  
 
Besides the NCNs, epoxy/clay nanocomposites (ECNs) are the next most 
studied and used PCNs. While the elastic properties of PCNs have been well 
documented, some research has also been carried out to characterize the 
damage mechanism of PCNs. Yasmin et al. [12, 13] adopted the shear mixing 
method to produce ECNs with 1-10% weight fraction of nano-clay and found 
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that both the Young’s modulus and storage modulus of ECNs increase as the 
clay content increases. The results were consistent with most particulate-filled 
systems. Zerda et al. [10] studied the crack propagation and roughness of the 
fracture surface of ECNs. Zerda suggested that the creation of additional 
surface area on crack propagation is the primary toughening mechanism. 
Wang et al. [11] prepared highly exfoliated ECNs by using the so-called 
slurry-compounding process. They characterized the ECNs by means of 
transmission electron microscopy (TEM) and pointed out that most of the 
microcracks initiate between clay layers. Figure 1.2 schematically illustrates 
the deformation mechanisms in highly exfoliated but intercalated epoxy/clay 
nanocomposites. When a load is applied, some microcracks initiate from the 
gallery layer (Figure 1.2.a). Upon further loading, these microcracks develop 
and extend into the matrix (Figures 1.2.b and 1.2.c). The microcracks tend to 
penetrate matrix ligaments and coalesce to form macroscopic cracks (Figures 
1.2.d, 1.2.e and 1.2.f). After macroscopic cracks form, the preformed 
microcracks in the sub-fracture surface may also stop extending while the 
neighbouring main crack propagates. This work is noteworthy in that it 
provides a good process method to produce ECNs with high fracture 
toughness. Furthermore, the author also provides an insightful view on the 
damage propagation process of ECNs. He et al. [18] studied the damage 
mechanism of NCNs. In that study, the crazing was claimed as the main 
mechanism for the enhancement of toughness in NCNs. At higher clay 
loadings the crazing was prevented from operating to its fullest possible extent, 
thus resulting in low toughness. They also mentioned that the damage initiates 
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due to the weak adhesion among the polymer chains of nylon 6 not far from 
the nano-clay.  
 
 
Figure 1.2 Schematic illustration of crack initiation and propagation in the epoxy/clay 
nanocomposites, reprinted from [11]. 
 
In order to understand the different mechanical performances between 
thermoset/clay nanocomposites and thermoplastic/clay nanocomposites, the 
comparison of mechanical properties between the epoxy/clay nanocomposites 
and the nylon 6/clay nanocomposites as a function of clay content is indicated 
in the Figure 1.3. As shown in Figures 1.3.a and 1.3.b, the elastic stiffness for 
both ECNs and NCNs increase as the content of nano-clay increases. Figure 
1.3.c shows the tensile strength of ECNs decreases as the clay content 
increases. This is because the epoxy usually exhibits brittle behavior and more 
nano-clay will increase the density of stress concentration around the nano-
clay particles which will lead to easier formation of macroscopic damage. 
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Adding more clay particles tends to make the NCNs be much stiffer, leading 
to higher maximum strength of the NCNs, as presented in Figure 1.3.d. At the 
same time, the fact that strain at maximum strength of NCNs decreases as the 
content of nano-clay increases indicates that the addition of nano-clay will  
 
 
Figure 1.3 Mechanical properties of the epoxy/clay nanocomposites and the nylon 6/clay 
nanocomposites as a function of clay content. (a) elastic stiffness of epoxy/clay 
nanocomposites (b) elastic stiffness of nylon 6/clay nanocomposites (c) tensile strength of 
epoxy/clay nanocomposites (d) maximum strength and strain at maximum strength of 
nylon 6/clay nanocomposites (e) Model I critical strain energy release rate of epoxy/clay 
nanocomposites (f) Critical stress intensity factor of nylon 6/clay nanocomposites, 
reprinted from [11, 18]. 
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make the ductile nylon 6 more brittle. The fracture toughness for ECNs and 
NCNs are expressed by the critical strain energy release rate and critical stress 
intensity factor, as shown in Figures 1.3.e and 1.3.f. In the ECNs, Wang [11] 
pointed out that the fracture surface area could increase due to gallery splitting 
and crack deflection, leading to higher toughness. The fracture toughness of 
highly exfoliated nanocomposites is considerably higher than that of pure 
epoxy resin, and reaches an apparent maximum at 2.5% weight fraction of 
nano-clay, as indicated in Figure 1.3.e. A higher loading of nano-clay will lead 
to agglomeration of nano-clay particle. For the NCNs system, as shown in 
Figure 1.3.f, He [18] explained that the toughness reduction of NCNs is 
caused by lower crazing concentration when more nano-clay particles are 
added. As in their study, crazing was claimed as the main toughening 
mechanism for NCNs. At higher clay loadings the crazing was prevented from 
operating to its fullest possible extent, thus resulting in low toughness. The 
splitting of the gallery layers, which can lead to improvement in toughness, is 
nonexistent in highly exfoliated NCNs system. Important contributions have 
been made by experimental studies to the understanding of damage 
mechanisms in ECNs and PCNs. However, the characterization of damage 
mechanisms is expensive and still not extensive from experimental studies due 
to the nano-scale constituents.  
 
1.2.2 Analytical Studies of PCNs 
 
Mechanics-based composites models have proven successful in predicting the 
enhanced mechanical properties of traditional fiber reinforced polymer 
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composites [19]. Many micromechanical models have been extended to 
predict the macroscopic behavior of polymer nanocomposites. These models 
generally take into account parameters such as the elastic stiffness of the 
matrix, elastic stiffness, aspect ratio, volume fraction and orientation of the 
reinforcement. The Halpin-Tsai model and Mori-Tanaka model are the most 
well-known among these models. 
 
The Halpin–Tsai model [20] is used to predict the stiffness of composites with 
discontinuous and unidirectional aligned reinforced particles. The elastic 













        (1-1) 
 
where, 
mE  is the Young’s modulus of the matrix. p  is the volume fraction of 
the reinforced particles, p  
is the shape parameter depending on the particle 
geometry and loading direction. The length, width and thickness of the 
reinforced particles are denoted by ,  ,  and .l w t  When calculating the 
longitudinal elastic stiffness of composites,  is set to 2( / ),p l t  while 
2( / )p w t  is used to obtain the transverse elastic modulus of the composites. 
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where, pE  represents the Young’s modulus of the particles. Based on the 
above two equations, when p  approaches to zero, the Halpin-Tsai model 
converges to the inverse rule of the mixture, as: 
 
11 p p
c p mE E E
 
          (1-3) 
 
On the other hand, when p  approaches infinity, the Halpin-Tsai theory will 
reduce to the rule of mixtures, as: 
 
 1c p p p mE E E            (1-4) 
 
The Mori-Tanaka model [21, 22] is used to assess the overall properties such 
as the effective stiffness tensor. It is derived based on the principles of 
Eshelby’s inclusion model [23] for predicting an elastic field in and around an 
ellipsoidal particle in an infinite matrix. The composite is assumed to be 
composed of a continuous matrix and identical spheroidal inclusions with 
different stiffnesses. The effective stiffness tensor is given by: 
 
  * m p p m  C C C C A        (1-5) 
 
where, 
mC  is the stiffness tensor of matrix, pC  is the stiffness tensor of the 
reinforcement particles. p  is the volume fraction of reinforced particles and 
A   is the dilute strain concentration tensor, given by: 









    A I SC C C
       (1-6) 
 
where, I is the fourth order unit tensor and S  the fourth order Elshelby 
tensor. The detailed discussion for the S  can be found in the book by Mura 
[24]. Based on the Mori-Tanaka approach, complete analytical solutions for 
the elastic moduli of an isotropic matrix with aligned spheroidal platelets were 
derived [25, 26]. Their results for longitudinal and transverse elastic moduli of 
the composites are: 
 
 1 22m f m
E A
E A A v A

 
       (1-7) 
and 
   3 4 5
2
2 2 1 1m f m m m
E A
E A v A v A v A A
 
       
    (1-8) 
 
where, E  and E are the longitudinal and transverse elastic moduli of the 
composites, mv  is the Possion’s ratio of the matrix, and  (for 1,  2,  3,  4,  5)iA i   
are all functions of Eshelby’s tensor and the properties of the reinforced 
particles and the matrix, such as the Young’s modulus, Possion’s ratio, 
percentage content and aspect ratio of the reinforced particles. 
 
Tucker [27] noted that the Halpin-Tsai equation gives reasonable estimates for 
effective stiffness, while the Mori-Tanaka model gives better predictions for 
large aspect-ratio fillers. The morphology of polymer/clay nanocomposites has 
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a hierarchical structure. It has been mentioned that the dispersion of the clay in 
the matrix is typically described in terms of intercalation and exfoliation. 
Concepts such as ‘matrix’ and ‘particle’, which are well-defined in 
conventional two-phase composites, can no longer be directly applied to 
polymer/clay nanocomposites due to the hierarchical nanometer length scale 
morphology of the particle structure and surrounding matrix. For these 
materials, parameters associated with the hierarchical morphology of clay such 
as the silicate inter-particle spacing, inter-platelet spacing, and platelet 
thickness, need be incorporated into the micromechanics model. Brune and 
Bicerano [28] modified the Halpin-Tsai equation for the elastic modulus of 


































pE  the ratio of modulus of platelet stack to that of the matrix, 
'
p  the 
shape parameter of the platelet stack and 
'
p  the volume fraction of the platelet 
stacks in the matrix. In each platelet stack, there are N  layers of platelets. 
Using t  for the thickness of the platelet and s  for the inter-platelet spacing, 
then: 
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Similar micromechanical models were proposed in [26, 29, 30] to calculate the 
overall stiffness of polymer/clay nanocomposites and illustrate explicitly its 
dependence on the matrix and clay properties as well as clay structural 
parameters. These micromechanical models with unidirectional aligned and 
randomly oriented effective clay model could provide an accurate prediction 
in terms of elastic modulus. The overall elastic stiffness of polymer/clay 
nanocomposites with randomly oriented particles can be obtained by some 
averaging procedures [31]. Moreover, micromechanics models which take into 
account the plasticity and damage of particle reinforced composites were also 
reported. Basically, the traditional plasticity model or material degradation 
method is applied on the material phases which consist of the composites and 
its effective response is calculated. Zairi et al. [31] extended the effective clay 
particle model to plasticity problems with randomly distributed clay particles 
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and studied the effects of size and clay structural parameters on the yield and 
post-yield response of NCNs. Ju [32, 33] developed a micromechanical 
damage model based on the so-called ensemble-volume averaging process to 
predict the effective elastoplastic behavior of ductile matrix composites with 
randomly distributed particles. However, these analytical models could not 
explicitly represent the constituents of PCNs. This will increase the 
complexity and reduce the accuracy for damage analysis. Numerical modeling 
method could be a better choice for studying the damage behavior of PCNs.  
 
1.2.3 Numerical Models of PCNs 
 
Compared to experimental and analytical approaches, numerical modeling can 
explicitly incorporate the constituents, which is important for damage analysis. 
Although computational simulation and computer technology have seen great 
advances, it remains computationally expensive to directly calculate the 
mechanical properties of heterogeneous nanocomposites materials on a 
macroscopic scale. Therefore, a representative volume element (RVE) model 
is usually established to predict the macroscopic behavior of nanocomposites. 
The main advantage of RVE modeling is that the heterogeneities of material, 
such as reinforcement shape, size and orientation, voids, flaws can be 
explicitly represented. 
 
Numerical modeling techniques are dependent on the length scale of interest, 
ranging from the atomic to continuum length scales. Usually Molecular 
Dynamics (MD) is carried out to analyze the reinforcement mechanism of 
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nanocomposites [34]. By applying MD simulations to polymer composites, it 
is able to investigate the effects of reinforcements on polymer microstructure 
and polymer - reinforcements interactions on the material properties. Basically, 
MD simulation consists of three steps. Firstly, a set of initial conditions, such 
as the positions and velocities of all particles, including atoms and molecules, 
should be established. Secondly, the interaction potentials or the so-called 
force field which represents the forces among all the particles needs to be 
determined. Accuracy, transferability and computational speed should be 
considered when choosing the force field. These force fields could be obtained 
by quantum method, i.e., ab initio, empirical method, i.e., Lennard-Jones, or 
the quantum-empirical method, i.e., embedded atom model [35]. Thirdly, the 
time evolution of a system of interacting particles can be calculated based on 
classical Newtonian equations. The macroscopic properties finally can be 
derived by means of statistical mechanics. 
 
Sun’s group [36, 37] performed uniaxial and hydrostatic MD simulations to 
study the size effect of ball-like reinforcements on the elastic properties of 
polymer nanocomposites. They pointed out that the Young’s modulus 
increases as the size of ball-like reinforcement decreases due to the 
densification of polymer matrix around the nano-particle. This could help us 
understand the microstructure-property relationship at the nano-scale. Hadden 
et al. carried out the MD simulations to study the influence of crosslink 
density on the molecular structure of the graphite fiber/epoxy matrix interface 
[38]. In their study, one layer of 1nm effective surface between the fiber and 
bulk epoxy was determined. It was also found that the molecular potential 
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energy appears to be an increased level in the surface region of the polymer. 
Gersappe [39] carried out MD simulations on polymers reinforced with nano-
sphere particles and found that when the temperature is above ,gT  the mobility 
of the nano-sphere particles can create temporary cross links between the 
polymer chains, thereby creating a local region of enhanced strength and 
retarding the growth of the cavity and consequently absorbing more dissipate 
energy. The interfacial strength between the polymer matrix and nano-clay 
particles was also investigated by MD simulations [40, 41]. Chen et al. [41] 
performed MD simulation to characterize the traction-separation law of 
interface layers. Such works are important in the analysis of the damage 
mechanisms in PCNs as the interfaces usually are critical areas for damage 
initiation. Although MD has been used to study nanocomposites, it should also 
be noted that MD simulations may be computationally prohibitive when there 
are too many atoms in the model. For larger systems, the micromechanics of 
PCNs could be studied through a more practical way using traditional finite 
element method (FEM) on the continuum scale. FEM is a general numerical 
method for obtaining approximate solutions in space to initial-value and 
boundary-value problems including time-dependent processes. It employs 
preprocessed mesh generation, which enables the model to fully capture the 
spatial discontinuities of highly inhomogeneous materials. It also allows 
complex, nonlinear tensile relationships to be incorporated into the analysis. 
Thus, it has been widely used in mechanical, biological and geological 
systems.  
 
The FEM has been incorporated in some commercial software packages (e.g.,  
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Abaqus, Ansys) and open source codes, which are widely used to evaluate the 
mechanical properties of polymer composites. Some attempts have recently 
been made to apply the FEM to nanoparticles reinforced polymer 
nanocomposites. Here, some typical numerical models which are used to 
investigate the microstructure-property relationship of polymer 
nanocomposites are discussed. 
 
 
Figure 1.4 Schematic illustration of a nanoparticle surrounded by interphase layer and 
located in a subcell, reprinted from [42]. 
 
Mishnaevsky [42] carried out a computational study on the effect of 
nanocomposites microstructure on elastic properties. In his study, a 
hierarchical 3D voxel based model of a material reinforced by an array of 
exfoliated or intercalated nano-clays surrounded by interphase layers was 
developed as shown in Figure 1.4. Nanocomposites models with randomly 
oriented nanoparticles can be formed by rotating the nanoparticles in the 
Chapter 1                                                                              Introduction and Literature Review 
19 
 
subcell. The effective elastic properties of the subcell are obtained by the 
Voigt–Reuss method and then treated as input data in the nanocomposites 
model. The macroscopic response of the nanocomposites can be calculated by 
applying appropriate boundary conditions.  
 
 
Figure 1.5 Von Mises stress comparison between a model using an unstructured mesh 
with tie constraints (left) compared with structured embedded elements (right). The model 
is subjected to uniaxial stress tensile loading, reprinted from [43]. 
 
Harper [43, 44] presented a method for generating RVE models containing 
random discontinuous carbon fiber bundles with no limitation to the fiber 
volume fraction. An embedded element approach was used to simplify mesh 
generation for the matrix phase. A complex meshing algorithm is needed to 
pair the coincident nodes of the matrix to those on the fibers. The embedded 
technique has already been integrated in Abaqus. It is a type of multi-point 
constraint which can eliminate the translational degrees of freedom of slave 
elements (fiber). These eliminated degrees of freedom of the slave elements 
(fiber) are constrained to the interpolated values of the corresponding degrees 
of freedom of the host elements (matrix). As shown in Figure 1.5, this 
approach is shown to yield errors of 1% compared with a more conventional 
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unstructured mesh, whilst offering significant convenience in model meshing. 
The critical RVE size was also determined as 4 times of the fiber length, i.e., 
converged macroscopic response could be obtained when the RVE is bigger 
than 4 times the fiber length. 
 
 
Figure 1.6 Randomly distributed short fiber (RDSF) composites RVE and its FE mesh, 
reprinted from [45]. 
 
In both the voxel model and the embedded element approach, the 
reinforcements are not explicitly modeled, which could reduce the accuracy 
for damage analysis. Kari applied a numerical homogenization technique 
using the finite element method to evaluate the effective material properties of 
fiber reinforced composites with periodic boundary conditions [45]. In this 
model, a modified random sequential adsorption algorithm was applied to 
generate the three-dimensional unit cell models of randomly distributed short 
cylindrical fiber composites as shown in Figure 1.6. The elastic properties of 
the whole composites were calculated with different volume fractions and 
aspect ratios of the fibers. Later, Kari [46] extended the RVE model to include 
three different types of phases, namely, the reinforcement, matrix and 
interphase. The influence of interphase parameters like stiffness and volume 
fraction of interphase on effective material properties of transversely randomly 
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distributed unidirectional fiber composites and randomly distributed spherical 
particle composites was systematically studied. 
 
 
Figure 1.7 Schematic view of the crack in ECNs, reprinted from [47]. 
 
Besides elastic properties, the damage properties of nanocomposites have also 
been studied by computational mechanics. Examples of 2D numerical studies 
on nanocomposites damage behavior can be found in [47, 48]. Silani [47] 
measured and explained the effect of clays on ductility reduction of polymer 
nanocomposites. In his study, computational models of epoxy/clay 
nanocomposites with different clay weight fractions were firstly built. Then, 
the Lemaitre damage parameters [49] of epoxy/clay nanocomposites were 
measured based on loading–unloading experiments. It was shown that 
although the increase in clay percentage will result in a stiffer material, it 
reduces the ductility of the nanocomposites. The reason can be explained as 
follows. The clays act as stress concentrators and some highly stressed zones 
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are formed around clays which results in a large number of microcracks in 
these high stress zones, as shown in Figure 1.7. As the clay content increases, 





Figure 1.8 Examples of RVEs used in FE simulations with randomly distributed and 
oriented particles at different clay volume fractions (a) 1%, (b) 5% and (c) structure of 
tactoid with aspect ratio L/t = 100/3, reprinted from [48] 
 
Pisano [48] predicted the strength reduction for intercalated epoxy/clay 
nanocomposites. As shown in Figure 1.8, a 2D multiscale finite element 
methodology was developed which accounts for the hierarchical morphology 
of the nanocomposites and the possible failure mechanisms detected 
experimentally such as gallery failure and interfacial debonding. At first the 
intercalated morphology was reconstructed using a random dispersion of clay 
tactoids within the epoxy matrix, where the gallery is modeled using the 
cohesive zone model. Effects of different clay volume fractions, gallery 
fracture energies, clay aspect ratios and clay orientations on gallery failure and 
macroscopic nanocomposites behavior were then investigated systematically.  
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In practice, multiscale modeling methods, which cover both the molecular 
scale and continuum scale, are often adopted to study materials with 
hierarchical structures, such as the polymer nanocomposites. There are two 
typical multiscale modeling methods. They are the hierarchical multiscale 
modeling method and the concurrent multiscale modeling method [34]. In the 
hierarchical multiscale modeling method, a series of sequential computational 
methods are linked in such a way that the calculated quantities from a 
computational simulation at one scale are used as inputs to determine the 
properties of the materials considered at a larger scale. For the concurrent 
multiscale modeling method, several computational methods are linked 
together in a combined model where different scales of material behavior are 
considered concurrently. The parameters from different scales communicate 
by using some kind of handshake procedure. Su et al. developed a general 
three-dimensional concurrent multiscale modeling approach consisting of 
continuum-like mechanics and molecular mechanics to study the nano 
indentation of amorphous materials [50]. Despite the accuracy of the 
concurrent multiscale modeling method, applications of concurrent multiscale 
modeling method now are still limited. This is because the computational cost 
could be unreasonably high for damage problems with complex 
microstructures. 
 
To sum up, experimental work, analytical modeling and numerical modeling 
have been extensively adopted to characterize the relationship between 
microstructure and mechanical properties of polymer nanocomposites. 
Addition of small amounts of nano-reinforcements could effectively enhance 
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the mechanical performance of a polymer nanocomposite. To some extent, the 
material constituents of polymer nanocomposites can be explicitly represented 
in numerical models. Moreover, the deformation information can be 




1.3 Review of Studies on Fiber Reinforced Polymer/clay 
Nanocomposites (FRPCNs) 
 
Despite all the advances in polymer nanocomposites, as discontinuous 
reinforcement, nanoparticles filled polymer composites cannot achieve a level 
of strength and modulus comparable to those of continuous fiber reinforced 
polymers (FRPs). A more practicable way for the development of new 
materials is to produce fiber reinforced polymer/clay nanocomposites 
(FRPCNs). In FRPCNs, the polymer/clay nanocomposites are treated as the 
nano-resin matrix or nano-matrix. As shown in Figure 1.9. It is believed that 
the addition of a small amount of nano-fillers into fiber reinforced polymer 
composites system can improve the mechanical properties through the 
reinforcement of nano-fillers in the matrix. 
 
Recently, a number of experimental studies have been carried out on fiber 
reinforced polymer/clay systems. Most of these experimental works 
concentrated on the enhanced mechanical performance of the whole FRPCNs 
system, such as enhancement of the interlaminar fracture toughness, flexural 




Figure 1.9 Scenario of mechanical properties improvement of CFRP by incorporation of 
nano-fillers, reprinted from [51]. 
 
strength and compressive strength. Xu et al. [52] produced carbon fiber 
reinforced epoxy/clay nanocomposites (CFRECNs) by hot melt lay-up and an 
autoclave process. The interlaminar fracture toughness and the flexural 
strength of the CFRECNs were increased by 85% and 38% with the 
introduction of 4% or 2% weight fraction of nano-clay into the epoxy. The 
remarkable improvements in interlaminar fracture toughness and the flexural 
strength of FRPCNs were also reported in [53-62]. Moreover, Dorigato [63] 
evaluated the interfacial shear strength of E-glass fiber/matrix with the 
addition of nano-clay by the single-fiber micro-debonding method. It was 
found that the introduction of nano-clay leads to the formation of a stronger 
fiber-matrix interface, and to an increase of the interfacial shear strength of 
about 30%. Gao et al. [64, 65] modified glass fiber by coating with nano-
clay/nano-tube reinforced epoxy and found that this nano-structured and 
functionalized traditional single glass fiber shows significant improvements 
both in tensile strength and environmental corrosion resistance. Tsai et al. [66] 
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prepared glass fiber reinforced epoxy/clay nanocomposites (GFRECNs) by 
inserting an organoclay epoxy mixture into dry glass fibers through a vacuum 
hand lay-up process. It was found that the transverse tensile strength of 
GFRECNs increases with an increase of the organoclay. SEM observation of 
the transverse failure specimens indicates that the enhanced mechanism is due 
to improved interfacial bonding between the fibers and the surrounding matrix 
modified by organoclay. 
 
Although these experimental studies give an indication that FRPCNs can have 
superior mechanical properties, the prediction of material failure and post-
failure characteristics of FRPCNs remains an active topic of research due to 
their complex and hierarchical structure. As mentioned previously, numerical 
modeling could help to more precisely understand the damage mechanisms 
observed in experiments. However, there are still many challenges in 
employing computational modeling to characterize the mechanical properties 
of FRPCNs, particularly their damage behavior. The main obstacle is the lack 
of information on the interface between the fibers and the matrix. In addition 
to the lack of interface information, another challenge in simulation arises 
because there is a difference of several orders of magnitude in the length scale 
of the nanoparticles and the fiber reinforcement which typically have 
diameters in the micron range.  
 
 
1.4 Objectives and Significance of the Study 
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Based on the above review, it is clear that damage analysis of polymer/clay 
nanocomposites is difficult and expensive to carry out through purely 
experimental work. This is because equipment with nano-scale precision in 
both time and length may not be available in every laboratory. For this reason, 
experimental repeatability is difficult to achieve. Analytical models are usually 
expressed as empirical equations which are deduced based on many 
assumptions. It is reasonably accurate to adopt analytical approaches to 
calculate elastic properties. However, existing analytical models cannot 
predict damage mechanisms of polymer/clay nanocomposites with complex 
microstructures. Two dimensional numerical models have been established 
and used to simulate the damage progression of polymer/clay nanocomposites. 
The merits of 2D numerical models are associated with savings in 
computational time. However in 2D models, the reduced number of degrees of 
freedom cannot guarantee the accuracy of analysis, particularly for damage 
prediction. As a result, 2D models are unable to represent the actual 3D 
structure of polymer/clay nanocomposites. Therefore 2D models have to be 
extended to 3D for more reliable prediction of damage patterns and 
constitutive relationship of polymer/clay nanocomposites. Although extensive 
experimental work has been performed with the hope of manufacturing fiber 
reinforced polymer/clay nanocomposites with high performance, there is a 
lack of research carried out to understand their damage mechanisms. 
 
The main objective of this study is to develop a 3D representative volume 
element model to perform damage analysis of epoxy/clay and nylon 6/clay 
nanocomposites. Another aim of this study is to analyze the effect of 
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polymer/clay nanocomposites on the bulk behavior of unidirectional fiber 
reinforced polymer/clay nanocomposites under transverse tensile loading.  
 
Specifically, the scope of the research is to: 
 
 Propose a 3D RVE model for epoxy/clay and nylon 6/clay nanocomposites 
in which the geometrical properties of the material constituents are 
determined based on experimental observation.  
 Adopt appropriate damage criteria to simulate the material behavior of the 
material constituents both in ECNs and NCNs, including the brittle 
cracking criterion, the traction-separation law, progressive ductile damage 
(PDD) criterion, the Gurson-Tvergaard-Needleman (GTN) model, and the 
user defined material model. 
 Obtain material properties, especially the damage properties of the 
material constituents through published experimental test results, 
parametric studies, MD simulations or in-house experiment work. 
 Implement explicit FEM to perform damage analysis of the ECNs and 
NCNs and to study the effects of the constituents’ parameters on the 
mechanical properties of the whole nanocomposites.  
 Construct a computationally efficient (but approximate) model of fiber 
reinforced PCNs by representing the PCN matrix using effective clay 
models to significantly reduce computational time. 
 Develop a user defined material model to describe the orthotropic and 
transverse isotropic behavior of effective clay particles.  
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 Perform damage analysis of the FRPCNs under transverse tensile loading 
using computational homogenization methods. 
 
The computational RVE model comprises three to four constituents for both 
ECNs and NCNs. The properties of these constituents are assumed to be 
unchanged when they are blended together to form nanocomposites. This 
helps to simplify the damage analysis. The constitutive relationship and the 
damage progression of PCNs subjected to quasi-static uniaxial tensile loading 
are studied by computational homogenization method using explicit FEM. 
Results of this study could provide better understanding of the damage process 
of PCNs particularly for NCNs and ECNs - a thermoplastic polymer/clay 
nanocomposites and a thermoset polymer/clay nanocomposites respectively. 
This study could also provide an effective numerical model for predictions of 
constitutive relationship and damage patterns of other types of nano-filler 
reinforced polymer nanocomposites by replacing the shape and properties of 
the nano-filler, such as polymer/nanotube nanocomposites and polymer/nano-
silica nanocomposites. 
 
Computational homogenization would be also adopted when analyzing the 
effect of adding nano-clay to fiber reinforced polymer composites. This study 
could sufficiently explain the damage behavior of FRPCNs under transverse 
tensile loading, in which the material properties is matrix dominated. It is 
expected that information obtained from this work will provide new data and a 
basis for designing high strength polymer/clay nanocomposites and fiber 
reinforced polymer/clay nanocomposites. 
Chapter 1                                                                              Introduction and Literature Review 
30 
 
It should also be noted that in this study, the nano-filler used in the 
nanocomposites system was restricted to nano-clay. This is because 
polymer/clay nanocomposites are found to have better chemical resistance 
properties than other types of nano-fillers reinforced polymer nanocomposites, 
i.e., polymer/nanotube nanocomposites [64]. Besides, nano-clay is much 
cheaper than nanotubes in terms of manufacturing cost. The interlaminar 
fracture toughness or the flexural strength of FRPCNs was not investigated. 
This is because in the FRPCNs models, the nano-clay was explicitly 
represented. It is still computationally prohibitive to concurrently study 
problems ranging from the nano-scale to macroscale. In chapter 2, the RVE 
model will be firstly introduced. This is followed by chapter 3 and chapter 4, 
which discuss the numerical modeling of PCNs. The application of PCNs as a 
base matrix with reinforcements from continuous fibers will be presented in 
chapter 5. Finally, the entire study will be concluded in Chapter 6. 










Chapter 2  
Representative Volume Element (RVE) Model for 




In order to study the relationship between microstructure and mechanical 
properties of polymer/clay nanocomposites, a fundamental task is to establish 
a computational model that accurately reflects the morphologies of PCNs. In 
this chapter, the geometry of the finite element clay model and the RVE model 
are developed and the generation procedures are briefly discussed. The 
boundary conditions for uniaxial tensile stress loading for the RVE are also 
explained. The chapter ends with a discussion on using the explicit finite 
element formulation to study damage in PCNs. 
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2.1 Finite Element Clay Model and RVE Model  
 
2.1.1 Finite Element Clay Model 
 
Many properties associated with polymer/clay nanocomposites are a function 
of the extent of exfoliation of individual clay platelets. Therefore, the nano-
clay should be carefully modeled to reflect the real structure of the 
nanocomposites. Throughout the thesis, the following terms are used.  
 
Clay: a general term for layered silicate minerals. In the epoxy system, the 
clay is composed of silicate platelets with organic polymers in the gallery. In 
the nylon 6 system, it consists of silicate platelets, organic polymers in the 
gallery and in between the silicate platelet and matrix. The aspect ratio of the 
clay platelet usually is about 100-1000. 
 
Silicate layer: refers to a single silicate crystal layer, or mono clay platelet. 
 
Gallery layer: a layer that forms when polymer molecules enter between 
adjacent silicate layers during the manufacturing process. 
 
Interphase layer: the layer of polymer immediately around the silicate platelet 
that is of different density from the polymer matrix away from the silicate 
platelets. This layer generally has distinct properties from neat matrix due to 
the chemical reaction/surface effect between the silicate layers and polymer 
matrix.  
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In this thesis, both the gallery layer and interphase layer are defined as 
interfacial layers. Although small in thickness, the aspect ratio of these 
interfacial layers is very large as they are adjacent to the clay platelet. It is 
shown that these interfacial layers can significantly affect the properties of the 
particles and the polymer [46] as a whole, i.e., weak interfacial layers will 
decrease the strength of the nanocomposites.  
 
A finite element (FE) model for the clay particle in polymer/clay 
nanocomposites is shown in Figure 2.1. It should be noted that in actual 
nanocomposites, the geometric parameters of the nano-clay may vary due to 
various factors of the synthesis process. Usually experimental techniques such 
as XRD are used to characterize the geometrical properties of nano-clay 
particles. In highly but not completely exfoliated polymer/clay 
nanocomposites, experimental observations show that the thickness of the 
mono silicate layer is around 1nm, the thickness of the gallery layer is within 
1-4nm, and the in-plane dimensions range from 100nm to 1000nm [2, 3]. In 
this study, the nano-clay is assumed to be a perfectly round and flat particle 
for simplicity. N  is the number of silicate layers per nanoparticle. A unity 
value of N  means completely exfoliated nano-clay particles whereas 2N   
means intercalated layers. As shown in Figure 2.1.b, the gallery layer is 
modeled in between the silicate layers and the interphase layer is modeled on 
the outside of the clay particles directly in contact with the polymer matrix. 
The gallery layer, the interphase layer and silicate layers have the same 
diameter, i.e.,
 
.g i sd d d   The thicknesses of the gallery layer, interphase 
layer and silicate layer are ,   and g i sh h h  respectively. All these geometrical 
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values will be provided for the nanocomposites systems that are studied, 
namely, epoxy/clay nanocomposites and nylon 6/clay nanocomposites. 
 
 
Figure 2.1 (a) Illustration of clay platelet in polymer/clay nanocomposites and (b) FE 
model of the clay particle. 
 
2.1.2 RVE Model 
 
Although various definitions have been proposed without any restriction on 
the geometry of the microstructure, the RVE is usually regarded as a volume V 
of heterogeneous material which is periodically arranged and sufficiently large 
to be statistically representative of the composite. However, it should remain 
small enough and yet be considered as a representative volume element for the 
sake of saving computational time. The main characteristic of the RVE model 
is the capability to include, in an explicit form, the heterogeneities of material, 
such as shape, size and orientation of the reinforcements, voids, flaws, etc.  
 
The RVE model, comprising four constituents - the matrix, the silicate layer, 
the gallery layer and the interphase layer - was generated using an in-house 
C++ and Python algorithms [67]. For completeness of this study, the 
generation procedures of the 3D RVE model are briefly discussed. The RVE  




Figure 2.2 Schematic illustration of translation and rotation of a newly generated clay 
particle. 
 
model with randomly oriented clay particles is built based on the random 
sequential adsorption (RSA) algorithm. Firstly, a 3D RVE cube is built with 
specific dimensions. Next, an entity of the clay particle is constructed with its 
center at the coordinate origin O, which is also the coordinate origin of the 
RVE cube. Then the entity of the clay particle is moved to a new position with 
desired orientation by a translational vector  ,  ,  x y zr r rr  and rotational angles 
 ,  ,      , as shown in Figure 2.2. Here, the translation vector and the 
rotation angles are determined by a series of random numbers. During the 
construction of the RVE, each newly generated candidate clay particle will be 
accepted only if it does not overlap with any existing clay particles in order to 
avoid the intersection of any two clay particles. At the same time, an identical 
particle constellation is generated on opposite surfaces of the RVE to ensure 
periodicity in the entire nanocomposites model, as shown in Figure 2.3. In 
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order to avoid generating mesh elements with very poor quality, the particles 
which cross the boundary of the RVE cubic are restricted to cross only one 
face or one edge, as presented in Figure 2.3. Once one new clay particle is 
accepted, the volume fraction of the nano-clay in the RVE model will be 
updated. This process continues until a predefined volume fraction of nano-




Figure 2.3 Schematic illustrations of clay particles which cross the boundary of the RVE 
cube (a) clay particle crosses one face and (b) clay particles crosses one edge only. 
 
In this study, for each RVE model, at least 38 clay particles were randomly 
distributed in the cubic matrix. The verification of the RVE size will be carried 
out in the next chapter. Since the nano-clay particles are randomly distributed 
in the matrix, the nanocomposites behave as an isotropic solid at the 
macroscale. The damage and fracture behavior are analyzed through this kind 
of RVE models. A cubic RVE model and the finite element mesh of a 
polymer/clay nanocomposites generated in Abaqus is shown in Figure 2.4. 
Due to the complexity of the local geometry, the matrix and silicate layers 
were meshed with first-order tetrahedral elements - C3D4 elements. The 
gallery layers and interphase layers were meshed with three dimensional 
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cohesive elements - COH3D8 elements. Different appropriate failure criteria 
were applied to different material phases of the nanocomposites. When the 
criteria are fulfilled, the corresponding elements would be removed. This 
implementation is applicable when the loading is monotonic. All the damage 
criteria will be discussed in detail for each nanocomposites system in 
subsequent chapters. The RVE model comprising different constituents is 
subjected to quasi-static uniaxial tensile loading to study its damage behavior 








2.2 Boundary Conditions  
 
When analyzing an RVE, the boundary conditions are very important to 
ensure the compatibility of deformation and correct computation of stress and 
strain. In this work, simulation of the RVE under uniaxial stress was carried 
out and compared with actual experimental results. Displacement boundary 
conditions were applied to the surface nodes of the RVE finite element mesh.  




Figure 2.5 Schematic illustration of boundary conditions for RVE model. 
 
Since the clay particles are randomly and statistically distributed in the RVE 
models, only one representative direction is chosen to study their response to 
uniaxial stress. In this study, the representative direction is along the Y axis as 
shown in Figure 2.5. Denoting the dimensions of the RVE model by 
,   and ,x y zL L L  the displacement boundary conditions shown in the Figure 2.5 














        (2-1) 
 
where, y  is the prescribed displacement for uniaxial loading along the Y axis; 
x
  and z  are computed displacements from the condition that the stress 
resultants on the surface ,  0,   and 0x zx L x z L z     are equal to zero, as: 
 


























z x y dxdy          (2-5) 
 
 
Figure 2.6 Implementation of the multipoint constraint equations in Abaqus. 
 
where,  zyLxx ,, ,  zyx ,,0  and  zz Lyx ,, ,  0,, yxz  are the stress 
distributions acting on the surfaces xLx  , 0x , zLz   and 0.z   These 
zero resultant force conditions were enforced using multipoint constraint 
equations in Abaqus, namely the linear constraint equations [68]. The 
implementation of the multipoint constraint equations is shown in the Figure 
2.6. As indicated in Figure 2.6, the degrees of freedom along the X axis of all 
the meshed nodes on the surfaces of ,xx L  which are highlighted in red, were 
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constrained to the degree of freedom along the X axis of one reference point - 
the RP1. Another reference point, RP2, was used to constrain the degrees of 
freedom along the Z axis of all the meshed nodes on the surfaces of ,zz L  
which are also highlighted in red.  
 
Homogenized variables at the macroscopic scale are obtained by volume 
averaging of variables in the RVE. The macroscopic nominal stress σ  and 








        (2-6) 
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




        (2-7) 
 
where, mσ  and mε  are microscopic nominal stress and strain vectors. m  is the 
volume of the RVE. For this specific problem, the macroscopic nominal stress 


















  is the reaction force on the top surface. 
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It should also be noted that periodic boundary conditions (PBC) were not used 
for the displacements of the RVE surfaces in this study although they can be 
important for an accurate homogenized prediction of RVE properties. By 
using linear constraint equations and simple triangular shape functions, Gan 
and Fong [69, 70] successfully implemented displacement PBC for the 
polymer/clay nanocomposites. In their approach, the projection of one slave 
node is generally enclosed by three master nodes which locate in the opposite 
surface of the slave node. These three nodes could form a triangle. The 
degrees of freedom of the slave nodes were constrained to the corresponding 
degrees of freedom of the three master nodes and one reference node. By 
using the simple triangular shape function interpolation method, i.e., the 2D 
triangle element shape function in FEM, the displacement of the slave node 
can be tied to the displacements of the three master nodes and the reference 
node. Displacement PBC was not adopted in this study because there are too 
many linear constraint equations needed to enforce periodicity. Explicit FEM 
was chosen to solve the failure and damage problems in order to overcome 
calculation convergence issues. However, when there are too many multipoint 
constraint equations (more than 1000 for the RVE models generated), 
Abaqus/Explicit cannot efficiently solve the system. This could lead to 
tremendous increase in computational time. Therefore, in this study, except 
when explicitly specified, uniaxial tensile stress boundary conditions will be 
adopted when studying the damage properties of polymer/clay 
nanocomposites. A detailed study on various boundary conditions 
implemented on RVE models could be found in [71]. In the next section, the 
dynamic explicit formulation will be discussed.  
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2.3 Dynamic Explicit Formulation 
 
Implicit FEM often fails when material instabilities are involved that would 
lead to localized failure problems. Nevertheless, finite element codes based on 
dynamic explicit formulation are favored for solving incremental fracture of 
materials although implicit codes yield more accurate results for quasi-static 
problem. The dynamic explicit method also has other advantages compared 
with the implicit method. They have low memory requirement and treatment 
of contact is easier.  
 
Many researchers have used dynamic explicit finite element method to study 
the fracture mechanisms of composite under quasi-static loading. Zhang et al. 
[72] used explicit FEM to study fracture mechanism of carbon fiber reinforced 
epoxy composites subjected to transverse loading. Fan et al. [73] analyzed the 
fracture mechanics of hydroxyapatite (HA) reinforced polyetheretherketone 
(PEEK) by implementing explicit FEM. Siad et al. [74] studied the softening 
behavior of porous ductile solids through explicit FEM codes. In this study, 
dynamic explicit FEM was implemented to study the continuum fracture and 
damage mechanisms of nanocomposites subjected to quasi-static uniaxial 
tensile loading. 
 
Dynamic explicit finite element formulation has been reported by many 
authors and can be reviewed in [75, 76]. The general form of the principle of 
virtual work is described as follows: 
 




Ω  Ω Ω Ω 0ij ij i i i i i i
S
d u u d b u d t u d     
  
           (2-10) 
 
Where uand u  represent the displacement and acceleration vectors,  denotes 
mass density, b  and t  are the body and surface force vectors. u  and   
denote virtual displacement and virtual strain.   and S  denote the problem 
domain and its surface boundaries respectively. The above equation contains 
terms for internal work, inertia work, work done by the body force, and work 
done by the surface force. By discretizing the domain into finite elements, 
introducing material constitutive relationships, incorporating element shape 
functions and dynamics of the body, the equilibrium formulation of the above 
equation can be expressed as: 
 
1( )t t t
 u M P I        (2-11) 
 
where, M  is the mass matrix, P  is the applied force vector and I  is the 
internal force vector. A lumped mass is used because its inverse is not needed 
and the solution can been directly obtained by solving uncoupled linear 
equations. Therefore, the explicit procedures require no iterations and no 
tangent stiffness matrix. The equation of motion at the time t t  can be 
obtained by integrating over time by using Equ.2-11 together with the central 
difference method, as: 
 
  2Δ Δ2 /Δt t t t t t t   u u u u        (2-12) 
 




Δ Δ( ) / 2Δt t t t t t  u u u         (2-13) 
 
and the initial condition is given as:  
 
2
Δ 0 0 0Δ Δ / 2t t t   u u u u        (2-14) 
 
The explicit procedure integrates through time by using many small time 
increments. The central-difference operator is conditionally stable. The 







          (2-15) 
 
where, 
minL is the smallest element dimension in the FE model and dc  is the 







          (2-16) 
 
where,   is the density of the material. In an isotropic and elastic material, the 
effective Lame’s constants can be defined in terms of Young’s modulus, E and 
















 Combining the Eqns. 
2-15 and 2-16, we can obtain: 
 












        (2-17) 
 
In the Abaqus explicit solver, the computational time can be reduced by mass 
scaling or reducing the simulation time when inertial effects are not significant. 
In our model, since the elastic stiffness of silicate layer is much higher than 
that of gallery and epoxy/nylon, mass scaling is used for the silicate layer. The 
kinetic energy is checked at the end of the simulation to ensure that the kinetic 






The whole analysis generally includes the following four steps, as shown in 
Figure 2.7. Firstly, the micro geometric topology of nanocomposites is 
obtained by experimental measurements, such as SEM or TEM. The RVE 
model is generated in Abaqus. Next, the material properties of the constituents 
of nanocomposites are obtained through literature search, experiments or MD 
simulations. Then the boundary conditions are applied to the model for 
progressive damage analysis until ultimate failure. The damage criteria for 
each specific nanocomposites system will be discussed later. The calculation 
is carried out by explicit finite element method. Finally, results from the 
simulation are compared with those from an actual experiment, and some 
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parameters with high uncertainty are adjusted. When a good comparison is 
achieved, more parametric studies are carried out.  
 
 
Figure 2.7 Analysis flowchart for the whole PCN model. 
 











Chapter 3  





Among the various polymer/clay nanocomposites, the preparation and 
mechanical behavior of nanoclay reinforced epoxy nanocomposites have been 
the most extensively studied. It was found that the Young’s modulus and the 
fracture toughness are improved with the incorporation of layered silicates. 
However, the properties of these epoxy/clay nanocomposites have yet to be 
well characterized. A good understanding of the damage and fracture 
mechanisms of nanocomposites is necessary for structural design and practical 
applications. 
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In this Chapter, the finite element clay model is first established. Then the 
damage criteria, including a brittle cracking criterion and an appropriate 
traction-separation law, are discussed and used for the constituents of the 
epoxy/clay nanocomposites. After that, a computational homogenization 
approach is adopted to assess the initiation of microcracks and their evolution 
in epoxy/clay nanocomposites subjected to quasi-static uniaxial stress loading. 
The numerical predictions are compared with the experimental studies 
reported in [11, 13]. The effects of structural parameters of clay particles such 
as the particle size and number of silicate layers on the mechanical behavior of 
epoxy/clay model are studied. Finally, the effects of the gallery layer and the 
interphase layer are reported.  
 
 
3.1 Finite Element Clay Model for Epoxy/clay Nanocomposites 
 
 
Figure 3.1 Illustration of clay platelet in epoxy/clay nanocomposites. (a) Schematic view 
of nanoclay platelet [11] (b) FE model of clay platelet (c) RVE model of epoxy/clay 
nanocomposites with 3% weight fraction of nanoclay, N=2, and = =208nm.
g s
d d  
 
Damage initiation is usually due to the splitting of the gallery in epoxy/clay 
reported in [11, 13], as shown in Figure 1.2. A finite element (FE) clay model 
of the epoxy/clay nanocomposites was developed to accommodate this 
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damage without the interphase layer, which is presented in Figure 3.1. The 
gallery layer was modeled in between the silicate layers with both the gallery 
layers and silicate layers having the same diameter, with .s gd d  The 





h   These two values are determined by measuring the 
thickness of the molecules within the gallery and the single silicate sheet with 
crystal lattice structure under equilibrium in MD simulations. Both these 
values are also within experimental range and will be used, unless explicitly 
stated, throughout the manuscript. The microcracks are expected to start from 
the gallery layer and propagate into the epoxy matrix during the damage 
propagation. For the mesh of the silicate platelet, the number of elements in a 
mono platelet is about 150 and the average element aspect ratio is about 5, 
which is smaller than the critical limit, 10, defined in Abaqus. Moreover, since 
the numerical model is very complicated, a finer mesh will cost much longer 
computational time with explicit FEM. 
 
 
3.2 Traction-Separation Law  
 
Damage of the gallery layer to mimic clay splitting in the epoxy/clay 
nanocomposites was governed by a traction-separation law or the so-called 
cohesive zone model or cohesive element method. The traction-separation law 
is often applied for delamination modeling. Examples of the application of 
cohesive zone modeling for delamination are reported in [77, 78]. Espinosa et 
al. [79] implemented interface cohesive laws to study the intergranular 
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breaking of brittle polycrystalline materials. In a 3D problem, the mechanical 
response of cohesive elements can be expressed as a traction-separation law 
containing three orthogonal traction vectors - one normal to the interface and 
two in the shearing directions. It should be noted that the traction-separation 
law is initially designed for interfaces with negligible thickness. Since the 
gallery layer in the RVE model has relatively large aspect ratios, the traction-
separation law is applied to these the gallery layers. 
 
 
Figure 3.2 Traction-separation law with linear degradation. 
 
The cohesive element behavior is based on the assumption that the elements 
are characterized by progressive degradation of the material stiffness, which is 
driven by a damage process. Usually, there are two parts in the cohesive 
model. Figure 3.2 represents one typical bilinear traction-separation law with 
one linear degradation part. Before the onset of damage, elastic behavior is 
assumed as: 














     
     
     
          
       (3-1) 
 
where, 
nt  is the nominal traction stress component along normal direction. The 
parameters ts and tt represent the two shear tractions. ,   and n s t    are the 
corresponding separation distances. The stiffnesses ,   and nn ss ttK K K  provide 
uncoupled behavior between all components of the traction vector and 
separation vectors. If the cohesive layer has an original thickness of 
0h , the 
elastic modulus 
cohE  is estimated as: 
 
0 coh nnE h K          (3-2) 
 
Interfacial damage and cracking require accurate characterization for 
predicting the overall response of composite structures. However, the 
interaction between the nano-filler and polymer is hard to determine through 
experimental measurements. Barber et al. [80, 81] used atomic force 
microscopy (AFM) to record the force required to separate a carbon nanotube 
from a solid polymer matrix by performing nano-fiber pullout experiments and 
calculated the fracture energy for the nanotube-polymer interface from the 
measured pull-out forces and embedded lengths. However, it is difficult to do 
the same experiment on plate-like particles. Instead of experimental tests, MD 
simulations [41] were performed to obtain the fracture toughness and tensile 
strength of the interface. The normalized traction-separation relationship for 
the gallery layer is presented in Figure 3.3. 
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Table 3.1 summarizes the cohesive laws for the gallery layer in epoxy/clay 
nanocomposites. Instead of the bilinear cohesive law presented in Figure 3.2 
in our model, the cohesive law was represented as two parts - a linear part and 
a nonlinear degradation part in the form of a table. 
 
 
Figure 3.3 The normalized cohesive stress vs strain of gallery in epoxy/clay 
nanocomposites. 
 
Table 3.1 Cohesive law for gallery.  
Material Linear part Degradation part 
Gallery/Epoxy 
0.65 3.8 ccoh     
3.5
1.5 1ccoh  

   
 
The actual cohesive strength 
c is expected to be equal to or lower than the 
tensile strength of epoxy matrix due to the presence of defects. The cohesive 
strength c is scaled by a factor,






for this. Here, c denotes the ideal cohesive strength which is set to be equal 
to the tensile strength of the epoxy matrix as, =62.5MPac  [13]. The elastic 
modulus of gallery layer was defined as the ratio of the cohesive strength to 
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the corresponding strain prior to damage initiation. A value of 
| 1.15GPacoh galleryE  was obtained for the elastic modulus of the gallery layer 
from MD simulations. 
 
For prediction of damage initiation, a maximum strength criterion is selected. 
It can be written as: 
 






s  and 
c
t  are the cohesive strengths along the normal direction 
and the two shear directions at which interface failure takes place. Macaulay 
brackets  are used to indicate that the damage occurs only under positive 
stress. In this study, the cohesive strengths are assumed to be equal in all 
directions. For modeling damage evolution, a damage variable D is specified 
as a function of effective displacement. 
 
 
3.3 Brittle Cracking Criterion 
 
The epoxy matrix was assumed to behave as an isotropic solid. Since the 
epoxy usually exhibits quasi-brittle behavior, its failure was governed by the 
brittle cracking criterion. The brittle cracking criterion is originally intended 
for the reinforced concrete material, for example in [82]. In the brittle cracking 
model, the term “crack” means a smeared crack characterized with damage 
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parameters rather than an explicit crack with a defined crack front at the 
material integration point. A simple Rankine criterion is used to detect crack 
initiation, i.e., crack initiation occurs when maximum principal stress exceeds 
the tensile strength at the material integration point [68], as: 
 
1 1| 0tu            (3-4) 
 
where, 1  is the maximum principal stress and 
tu  is the tensile strength. Once 
the first crack is formed, subsequent cracks may form only normal to the 
direction of maximum principal tensile stress which is orthogonal to the 
directions of any existing cracks. The maximum number of cracks at the 
material integration point in three-dimensional problems is three with 
directions that are orthogonal and therefore form a local rectangular Cartesian 
coordinate system. 
 
During the damage propagation process, Hillerborg’s [82] proposed fracture 
energy evolution is adopted in order to avoid mesh sensitivity. In this method, 
the propagation of the crack is governed by a linear form of stress-
displacement response rather than a stress-strain response. Therefore, the 
analysis can be performed with a reasonably coarse mesh because there are no 
stress singularities and the energy absorbed is not highly sensitive to the mesh 
size. The implementation of the stress-displacement concept in a finite 
element model requires the definition of a characteristic length associated with 
a material point. The crack displacement 
crack
nnu , which is normal to the crack 
surface, is calculated by 
crack crack
nn ch nnu l  , where chl  is the characteristic length 
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which is calculated based on the element geometry and formulation, cracknn  is 
the maximum crack opening strain. In this model, when the local direct crack 
displacement reaches the failure displacement, the element will be removed. 
As shown in Figure 3.4, the failure displacement fu  





where 1G  represents the Mode I fracture energy release rate. Although crack 
initiation is only based on Mode I, the post-crack behavior includes Mode II as 
well as Mode I. The Mode II behavior is based on the common observation 
that the shear behavior depends on the crack opening [83]. The shear modulus 
is reduced as the crack opens up.  
 
 
Figure 3.4 Post-failure stress-displacement curve for brittle cracking model. 
 
 
3.4 Results and Discussion 
 
In this section, simulation results for epoxy nanocomposites models are 
summarized. In the epoxy nanocomposites model, the RVE model consists of 
three phases. They are the epoxy matrix, silicate layer and gallery layer. The 
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microstructure and the material models have been introduced in the previous 
sections. Damage of the matrix was governed by a brittle cracking model. The 
deformation of the gallery was governed by a traction-separation law. The 
silicate layer does not suffer damage. Quasi-static and uniaxial stress tensile 
loading conditions were implemented on the model.  
 
The material properties are summarized in Table 3.2 [13]. The Mode I fracture 
energy 1G  was set to be 0.04N/m. The defect scaling factor gK  
is set to 0.4 for 
the parametric study. The gallery strength plays an important role during the 
damage process for epoxy/clay nanocomposites. However, it does not affect 
the elastic stiffness of the whole model. 
 
Table 3.2 Material properties in epoxy/clay nanocomposites [13]. 
Materials E(GPa)   
3
( / )g cm  Tensile strength (MPa) 
Epoxy 3.5 0.4 1.12 62.5 
Silicate 400 0.16 2.84 - 




n s t g
K    
 
The elastic stiffness of epoxy/clay nanocomposites is well documented. 
However, experimental data for tensile strength or strain to fracture of 
epoxy/clay nanocomposites often varies over a large range due to different 
manufacturing techniques. Prior to carrying out parametric studies to compare 
the numerical predictions with the experimental data on constitutive 
relationship and fracture patterns, the size of the RVE is determined in terms 
of the number of clay particles and elastic stiffness.  
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3.4.1 RVE Size 
 
It is known that the RVE size is crucial when predicting the effective 
properties of heterogeneous materials. A relatively small RVE would be 
computationally efficient while a large RVE will generally be more 
representative of actual heterogeneous materials. The RVE size which fulfills 
the requirement of precision and requires the least computational cost can be 
defined as the critical RVE size. Extensive research work has been carried out 
to determine the critical RVE size with respect to effective linear properties, 
i.e., elastic modulus. Examples can be found in [44, 84-87].  
 
 
Figure 3.5 The dependency of elastic modulus on the number of clay particles. For the 





For a given weight fraction of nano-clay particles, the RVE size is directly 
proportional to the number of clay particles. Figure 3.5 shows that the 
dispersion of elastic modulus decreases when the number of the clay particles 
increases. In this study, when the standard deviation with respect to elastic 
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modulus is less than 3%, it is considered the RVE is large enough to ensure 
that the RVE could statistically represent the nanocomposites to meet the 
requirements for both accuracy and efficiency. At this time, there are 38 clay 
particles. For all subsequent simulations, 38 clay particles were generated for 
each RVE model –Implicit FEM rather than explicit FEM computations were 
used for calculating the elastic modulus to reduce computational time.  
 
Although Kanit et al. [84] have pointed out that there exists a minimum RVE 
size with respect to elastic modulus, when it comes to damage or fracture 
problems, this RVE size may not exist due to different fracture patterns or 
different volumes of damage zone [88]. In order to obtain convergence in the 
macroscopic solution for this kind of problem, coupled volume approaches [89] 
or failure zone average schemes [90, 91] could be adopted.  
 
3.4.2 Parametric Study 
 
A systematic parametric study on the effects of particle size and number of 
silicate layers on the elastic stiffness and tensile strength was carried out. Each 
parameter was varied independently while keeping the others constant. 
Experimental results for the elastic modulus were used for benchmarking. For 
each structural parametric combination, nine models of different resolutions 
were generated to obtain an average of the predicted properties. For all 
simulations, the kinetic energy was less than 5% of the total strain energy 
indicating quasi-static loading conditions were simulated. 
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3.4.2.1 Effect of Particle Size 
 
The dependence of the predicted Young’s modulus of epoxy/clay 
nanocomposites on the particle size is plotted in Figure 3.6.a. The number of 
silicate layers in one clay particle is set to N=2. It can be seen that the results 
obtained from the numerical prediction are close to the experimental data [13]. 
The predicted elastic modulus increases with clay content, suggesting that the 
elastic modulus of the nanocomposites will be enhanced by the addition of 
nanoclay particles. It should be noted when studying the particle size effect, 
only the particle diameter is changed, while the thickness of the clay platelet 
and the gallery layer are kept as constants. In the ECNs system, the stiffness of 
the silicate layer is much larger than that of the epoxy matrix. When subjected 
to load, the deformation of the epoxy matrix is constrained by the clay platelet. 
Compared with the small particles, particles with bigger diameter have a larger 
contact surface with the epoxy matrix. The increased contact area could 
accordingly lead to an increased constraint effect on the epoxy matrix. The 
deformation of the epoxy matrix becomes less flexible due to this increased 
constraint effect. For a given weight fraction of nano-clay particle, this may 
explain why the elastic stiffness of ECNs is a bit higher by adding larger nano-
clay particles, as shown in Figure 3.6.a. The effect of particle size on tensile 
strength is plotted in Figure 3.6.b. As can be seen, the smaller the particle size, 
the higher the tensile strength.  
 
3.4.2.2 Effect of Number of Silicate Layers 
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The effect of the number of silicate layers on the predicted Young’s modulus 
of epoxy/clay nanocomposites is plotted in Figure 3.6.c. The particle size is set 
as =208nm.sd  N=1 means a totally exfoliated state. It can be seen that the 
results obtained from the numerical prediction except for the exfoliated state 
are  close  to  the  experimental  data [13].  As  the  number  of  silicate  layers  
 
 
Figure 3.6 Effect of particle size on (a) elastic modulus and (b) tensile strength of 
epoxy/clay nanocomposites; Effect of number of silicate layers on (c) elastic modulus and 
(d) tensile strength of epoxy/clay nanocomposites. 
 
increases, the elastic stiffness decreases. The effects of number of silicate 
layers on tensile strength are plotted in Figure 3.6.d. For intercalated 
nanocomposites, as the number of silicate layers decreases, the tensile strength 
also decreases because the distance between clay particles would decrease 
accordingly as the number of silicate layers decreases, which could lead to 
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cracks coalescencing more easily. For the exfoliated state, the tensile strength 
is much higher than that of the intercalated state. This may be caused by 
different fracture mechanisms when there is only matrix damage in exfoliated 
nanocomposites. In order to shed more light on this phenomenon, an 
interphase layer between the silicate layer and epoxy matrix is added. This 
will be discussed in detail later. 
 
3.4.3 Damage Analysis 
 
 
Figure 3.7 Comparison of internal and kinetic energy during loading increases. 
 
 
Figure 3.8 Stress-strain curve of epoxy/clay nanocomposites with 3% weight fraction of 
nano-clay.  
Chapter 3             Mechanical Characterization and Modeling of Epoxy/clay Nanocomposites 
62 
 
For the epoxy/clay model with intercalated particles, it can be seen that while 
both the number of silicate layers and particle size affect the elastic stiffness 
and tensile strength, the effects are not significant. In the damage analysis, the 
structure parameters for clay particles are set to be =208nmsd  and N=2. N=2 
is used to represent the highly exfoliated but interacted state of ECNs [11]. 
The defect scaling factor 
gK  
is set at 0.4. The constitutive relationship and 
fracture patterns of a RVE model with 3% weight fraction of nano-clay were 
studied and compared with experimental data and observations. The ratio of 
kinetic energy to internal energy is checked, as shown in Figure 3.7. It can be 
seen that the kinetic energy is very small compared with the internal energy 
during the entire simulation. It is concluded that the quasi-static condition was 
achieved. Figure 3.8 illustrates that the tensile stress-strain curves from actual 
experiments [13] and numerical predictions are in good agreement with each 
other.  
 
In order to clearly observe the damage sequence of epoxy nanocomposites 
from numerical prediction, images of a plane of the RVE model were 
reproduced after the simulation and shown in Figure 3.9. Figures 3.9.a, 3.9.c 
and 3.9.e show the model complete with the matrix, silicate layers and gallery 
layers while Figures 3.9.b, 3.9.d and 3.9.f show the corresponding gallery 
layers only. The critical gallery layers are labeled numerically. SDEG means 
stiffness degradation factor. A gallery layer element is regarded as totally 
damaged and would be deleted when the SDEG reaches unity. Figures 3.9.a 
and 3.9.b show the model before the tensile load was applied. When subjected 
to  a  uniaxial   load,   it  can  be  seen  from  Figures 3.9.c and  3.9.d  that   the 




Figure 3.9 Numerical prediction of damage sequence of epoxy/clay nanocomposites with 
3% weight fraction of nano-clay. 
 
microcracks start from the gallery layers 2, 3, 5 and 6. The element would be 
deleted when complete damage occurs during the simulation, e.g., the gallery 
layer 1 has completely failed and has been removed in Figures 3.9.c and 3.9.d. 
Upon further loading, the microcracks would then propagate into the matrix 
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and finally form a macrocrack as shown in Figures 3.9.e and 3.9.f. At this 
stage, the gallery layers 1, 2, 3, 5 and 6 have been deleted. As can be seen, the 
numerical model can successfully reflect the fracture patterns observed in [11]  
as shown in Figure 1.2. 
 
3.4.4 Effect of the Gallery Strength  
 
 
Figure 3.10 Stress-strain curves of epoxy/clay nanocomposites with 3% weight fraction of 
nano-clay and different gallery strength. 
 
In this section, the nanocomposites properties as a function of the gallery 
strength are presented. The gallery strength was varied according to .c cgK   
As can be seen from Figure 3.10, the elastic modulus of nanocomposites is not 
affected significantly by the gallery strength. However, the tensile strength of 
the nanocomposites decreases as cohesive strength decreases. It means that 
microcracks are easily formed due to the weaker gallery strength. When 
5.0gK  it was found that the tensile strength of the nanocomposites will not 
Chapter 3             Mechanical Characterization and Modeling of Epoxy/clay Nanocomposites 
65 
 
change any more because only matrix damage occurs. At this state, the 
microcracks are formed due to stress concentration around the clay particles. If 
the clay particles are well distributed into the epoxy matrix during the 
manufacturing process, i.e., no agglomeration of clay particles, the effects of 
gallery strength could explain why the experimental data which are tested 
under the same environmental condition for the tensile strength of epoxy/clay 
nanocomposites shows a large variation.  
 
3.4.5 Effect of Nano-clay/matrix Interphase 
 
It can be seen from the above sections that the fully exfoliated state of 
epoxy/clay nanocomposites gives the highest elastic stiffness and tensile 
strength. This is mainly caused by the absence of a gallery layer in exfoliated 
nanocomposites. In which case, only matrix damage occurs. In order to further 
explore the damage mechanism of the epoxy/clay model, an interphase layer 
between the epoxy matrix and clay particles was introduced. The interphase 
layer is believed to have distinct properties from matrix away from the 
particles due to the chemical reaction/surface effect between silicate layers and 
polymer matrix. However, similar to the gallery layer, it is very hard to 
charaterize the interphase layer through experimental observation. The 
geometric parameters of the interphase layer are assumed to be same as the 
gallery layer, as = =1.95nmi gh h  and =208nm.id  For simplicity, the 
mechanical properties of the interphase layer are also assumed to be the same 
as the gallery layer. The normalized traction-law which governs the gallery 
layer was also applied to the interphase layer to simulate the debonding 
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behavior of the interphase layer. A defect scaling factor 
iK varying from 0 to 1 
was defined for the interphase layer similar to 
gK  
used for the gallery layer.  
 
 
Figure 3.11 Combined effects of gallery layer and interphase on tensile strength of 
epoxy/clay nanocomposites with 3% weight fraction of nano-clay. 
 
For fully exfoliated nanocomposites, N is set to be 1. It is found that when the 
interphase layer is taken into account, macrocracks could form due to the 
debonding of the interphase layer from the silicate particles. The high tensile 
strength of fully exfoliated epoxy/nanocomposites presented in Figure 3.6.d 
will decrease as 
iK  decreases. 
 
For intercalated nanocomposites accounting for interphase layer effect, N is 
set to 2. In order to study the combined effects of gallery layer and interphase 
layer on nanocomposites, the defect scaling factor were set as 0.1, 0.4,1gK 
and 0.1, 0.4,1iK   
to give nine combinations of parameters. The results are 
presented in Figure 3.11. The solid line represents the model without 
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considering the interphase layer. It can be seen that when 
iK  is equal to or 
greater than 
gK  the interphase will not fail and therefore it is not necessary to 
include the interphase layer in the model. While the properties of the 
interphase layer are arbitrarily selected, it can still be concluded that the 
damage of epoxy/clay nanocomposites may be caused by a combination of 
complex factors, such as the splitting of gallery layer, debonding of interphase 
layer and stress concentration at the clay particle and matrix interface. The 
damage patterns and tensile strength of nanocomposites change with different 
combinations of 





The constitutive relationship, as well as the damage and fracture behavior of 
epoxy/clay nanocomposites, was studied by a computational approach 
implemented with a 3D RVE model and explicit FEM. The predicted 
constitutive relationship and fracture patterns are close to the experimental 
data reported in literature. The damage of epoxy/clay nanocomposites could 
be caused by several factors, such as splitting of the gallery layer, debonding 
of interphase layer or stress concentration at the clay particle and matrix 
interface. The structural parameters of clay particles may not significantly 
affect the elastic stiffness or tensile strength of epoxy/clay nanocomposites. 
However, the gallery strength will significantly affect the strength of the 
epoxy/clay nanocomposites, which could explain why the tensile strength of 
nanocomposites often shows a much larger variation in the experiments than 
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elastic properties. In the next chapter, the damage behavior of nylon 6/clay 
nanocomposites will be studied. The damage behavior of epoxy/clay 
nanocomposites and nylon 6/clay nanocomposites will also be briefly 
compared. 
 










Chapter 4  




Nylon 6/clay nanocomposites is the first type of polymer/clay nanocomposites 
produced by the Toyota research group. Nylon 6 is a kind of semi-crystalline 
material which can undergo large ductile deformation. In this study, nylon 6 is 
treated as an isotropic and homogeneous material. The semi-crystalline 
characteristics of nylon 6 were neglected as the material is modeled at the 
continuum scale. This chapter is organized in the same manner as Chapter 3. 
The finite element model of the clay in the nylon 6/clay nanocomposites was 
also developed based on the experimental observations. The traction-
separation law and ductile damage models were designed to mimic the clay 
interfaces with nylon 6. The computational homogenization approach together 
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with the hierarchical multiscale modeling method was adopted to study the 
initiation of microcracks and their evolution in nylon 6/clay nanocomposites. 
 
 




Figure 4.1 (a) Illustration of clay platelet in nylon 6/clay nanocomposites (b) FE model of 
the clay particle and (c) RVE model of nylon 6/clay nanocomposites with 2.5% weight 
fraction of nano-clay. 
 
Micro-fracture and deformation mechanisms of nylon 6/clay nanocomposites 
have been experimentally studied by He et al. [18]. He mentioned that the 
damage initiates from the surface near the clay particles. Therefore, unlike in 
epoxy/clay nanocomposites, the interphase layer which is immediately adjunct 
to the silicate platelet in addition to the gallery layer was modeled in the FE 
clay model from the beginning to take this damage mechanism into account. 
Both the gallery layer and interphase layer are defined as interfacial layers. A 
FE model for the clay particle in nylon 6/clay nanocomposites is shown in 
Figure 4.1. Similar to the epoxy/clay model, the nano-clay in the nylon 6/clay 
model is also assumed to be a perfectly round and flat particle for simplicity. 
N is the number of silicate layers per nanoparticle. A unity value of N means 
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completely exfoliated nano-clay particles whereas 2N  means intercalated 
layers. The gallery layer, the interphase layer and silicate layers have the same 
diameter, i.e., .g i sd d d  The thicknesses of the gallery layer, interphase 
layer and silicate layer are 2.82nm,gh  6nmih  and 0.95nm,sh   
respectively. Similar to in the ECNs system, these values are determined by 
measuring the thickness of the molecules within the gallery, the interphase or 
and the single silicate sheet with crystal lattice structure under equilibrium in 
MD simulations. All these values fall into the experimental range. Unless 
explicitly stated, these values will be used throughout the rest of the study.  
 
 




Figure 4.2 (a) Molecular model of gallery layer and (b) Molecular configuration of the 
gallery layer after total separation. 
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In nylon 6/clay nanocomposites, the damage of the gallery layer and the 
interphase layer respectively mimics clay splitting between two silicate layers 
and interface debonding between clay particles and the polymer matrix. The 
damage processes of these two types of interfaces were also governed by the 




Figure 4.3 (a) Molecular model of interphase layer and (b) Molecular configuration of the 
interphase layer after total separation. 
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MD simulations, which were performed in the nano-scale model, were 
conducted to estimate the traction-separation law for the two interfaces
1
. 
Following the work of Chen et al. [41], mode I tension simulations were 
applied on the gallery layer and interphase layer in a stepwise fashion as 
shown in Figures 4.2 and 4.3.  
 
For the gallery layer model in the NCNs, nylon 6 molecules were inserted 
between two silicate sheets as shown in Figure 4.2. The surfactant is selected 
from a group of small organic molecules. These surfactant molecules have 
been strongly absorbed by the clay platelet during organic treatment. The 
thickness of the gallery layer was 2.82nm. Periodic boundary conditions (PBC) 
are applied in the in-plane (X and Y) directions to replicate the large aspect 
ratio of clay particles. PBC is also imposed in the Z direction to mimic the 
stacked configuration in the normal direction. 
 
The interphase model comprises the silicate sheet, surfactants and a thick 
nylon matrix layer stacked in sequence, as presented in Figure 4.3. PBCs are 
only applied in the in-plane (X and Y) directions to replicate the large aspect 
ratio of clay particles. It should be noted two vacuum layers of 20nm are 
padded above and the periodic cell to eliminate the effect of self-images and 
mimic the non-stacking situation. Moreover, the bottom surfactants and the 
silicate sheet as well as nylon 6 matrix far away from the silicate sheet are 
defined as two rigid blocks while leaving middle portion of the model 
unconstrained. 
                                                 
1
 It should be noted the original MD simulation work in NCNs system was also performed by 
Dr Chen Yu.  
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For both the interfacial layer models, the interactions between all types of 
molecule were expressed by a force field in which the Phyllosilicate Force 
Field is embedded within the Consistent Valence Force Field (PFF_CVFF) 
[92]. The Material Studio software suite [93] was used to construct the 
molecular model and the MD simulator LAMMPS [94] was used for 
equilibration and mode I deformation. Mode I loading was carried out until 
complete separation occurred. The resultant traction and displacement history 
was recorded to obtain the traction-separation law shown in Figure 4.4. The 




228 1g ccoh 

  u        (4-1) 
for the gallery layer, and  
 
2.3
250 1i ccoh 

  u        (4-2) 
for the interphase layer. 
 
 
Figure 4.4 Traction-separation law for gallery layer and interphase layer. 





c  is the cohesive strengh, u is the displacement and, gcoh and 
i
coh  are 
the corresponding cohesive stress of the gallery layer and the interphase layer. 
As shown in Figure 4.4, the tensile strengths of the gallery layer and the 
interphase layer are 146MPa and 135MPa respectively according to the MD 
simulations. The elastic modulus of gallery layer and interphase layer were 
defined as the ratio of the MD cohesive strength c  to the corresponding 
strain prior to damage initiation. Values of 2.06GPagcohE  and 2.71GPa
i
cohE   
were obtained. For prediction of damage initiation, the maximum strength 
criterion, which is used in epoxy/clay nanocomposites, was also selected, as:  
 
 max , 1c c cn n s s t tt t t          (4-3) 
 
where, 
nt is the nominal traction stress component along normal direction, st , 
tt  
represent the two shear tractions. c
n , 
c
s  and 
c
t  are the cohesive strengths 
at which interface failure takes place. Similarly, as in the epoxy/clay 
nanocomposites models, the traction-separation relationships obtained from 
Mode I deformation were also applied to the response in two shear directions. 
For modeling damage evolution, a damage variable D is specified as a 
function of effective displacement. The properties of the interfaces obtained 
from MD simulations were used as inputs into the RVE model for FEM 
simulations.  
 
4.3 Damage Models for Nylon 6 
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Unlike epoxy, which is quasi-brittle, nylon 6 is a typical semi-crystalline 
thermoplastic polymer which can undergo quite large ductile deformation 
before losing all load-carrying capacity. In theoretical models, the loss of load-
carrying capacity results in the progressive degradation of material stiffness.  
 
A universal constitutive model which can describe all types of ductile polymer 
materials is yet to be established. Generally, ductile damage criteria are 
classified into uncoupled and coupled approaches. The uncoupled approach 
usually neglects the effects of damage on the yield surface for materials, while 
the coupled approach generally incorporates damage accumulation into the 
constitutive equations. Li et al. [95] systematically studied the feasibility of 
both the uncoupled and coupled criteria.  
 
In uncoupled ductile damage models, damage accumulation is formulated 
empirically or semi-empirically in terms of certain macroscopic variables 
which are relevant to fracture initiation and propagation, such as the 
equivalent plastic strain and the tensile stress. Most uncoupled criteria 
consider the effects of stress state, i.e., triaxiality, which could significantly 
affect the material response. The uncoupled approach has been widely adopted 
due to its simple formulation and ease of calibration. Although there are many 
uncoupled criteria, the progressive ductile damage (PDD) criterion, which has 
been integrated in Abaqus, was of particular interest in this work.  
 
For coupled ductile damage criteria, damage accumulation is incorporated in 
the constitutive equations by the evolution of the yield surface of the materials 
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according to changes in some damage-induced density. Compared with 
uncoupled criteria, coupled criteria are built upon more rigorous physical 
background of micromechanical fracture. The Gurson–Tvergaard–Needleman 
(GTN) porous plasticity model is one example of coupled damage criteria 
which was developed based on the effects of micro-void growth. The model 
has also seen some modifications in [96, 97]. In the GTN model, the behavior 
of a void-containing solid is described by pressure-sensitive plastic flow. The 
void volume fraction is employed as the damage variable in the constitutive 
equation.  
 
In the next two sections, the progressive ductile damage (PDD) criterion and 
GTN model which respectively represent the uncoupled approach and coupled 
approach are discussed and will be introduced to mimic the material behavior 
of nylon 6 in nylon 6/clay nanocomposites.  
 
4.3.1 Progressive Ductile Damage Criterion for Nylon 6 
 
The nylon 6 matrix was also assumed to behave as an isotropic solid. Its 
plasticity is governed by an isotropic plasticity model and failure is governed 
by the progressive damage criterion. The damage initiation follows an integral 
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DW  is a state variable. When  1,DW   it indicates that progressive 






The mean stress is defined as 
1 2 3( ) / 3m      , and the equivalent stress 
is defined as the Mises stress by      
2 2 2






  are principal stresses. 
f  is the effective plastic strain at onset 
of damage. d is the increment in effective plastic strain. 
f is a function of 
triaxiality and strain rate. For the sake of simplicity, 
f  is assumed to be 
strain rate independent. 
 
In the numerical process, 
DW  is a state variable that increases monotonically 
with plastic deformation. At each increment during the analysis, the increase 
in 










           (4-5) 
 
In order to build the 
f
   relationship, experimental tests were carried out. 
Hooputra et al. [99] proposed performing uniaxial tensile tests, biaxial tensile 
tests and three point bending tests to generate different stress triaxiality. Mae 
[100] also studied the material ductility of PP/EPR/talc composite with 
butterfly specimens which can generate a wide range of stress triaxiality. 
However, these experiments are difficult to perform or need special 
consideration to the clamp design. Instead, the pre-notched bars method was 
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extensively adopted in this work. The pioneering work was performed by 
Bridgman [101] who presented analytical solutions for the 
f
   relationship. 
This solution is based on the analysis of pre-notched bars, as shown in Figure 
4.5, which can generate different stress triaxiality right at the notched region 
when the specimens are subjected to uniaxial tensile tests. Earl et al. [102] and 
Bruning et al. [103] have respectively modified the Bridgman analysis. Bao et 
al. [104, 105] have systematically studied the 
f
   relationship of metal 
materials through both experimental and numerical approaches with pre-
notched bars. Solid polymers have also been studied through this approach 
[106, 107]. According to Bridgman’s analysis, the value of the triaxiality and 























         (4-7) 
 
where, r is the radius of the minimum cross-section and R is the radius of the 
circumferential notch. 
0r  is the initial value of r. f was calculated by 
measuring the radius (r) when the notch bar reaches complete rupture. 
 
In this study, a series of circumferentially blunt-notched bars were also used to 
generate different triaxial stress states as shown in Figure 4.5. From Figure 4.6, 
it can be seen that the nylon 6 specimens were clamped in an Instron tensile 
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testing machine. Strain gages, an extensometer as well as a camera were used 
to record the deformation of the specimens during the loading process.  
 
 
Figure 4.5 Test specimens for generating different stress triaxiality. The specimens have 
the same diameter (4 mm) at the minimum cross section. From left to right R= 1mm, 
2mm, 4mm, 8mm, smooth. 
 
 
Figure 4.6 Experimental set up for tensile test. The test sample is clamped in an Instron 
tensile machine. The strain is measured by strain gages, extensometer and camera. 
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may vary significantly depending on the manufacturing process and other 
factors. As a result, it is very difficult to experimentally obtain an accurate 
value of .
f
  Nevertheless, Eqn. 4-7 has been proved to be accurate for 
polymer material by numerous studies, such as [106, 107]. While the 
triaxiality may be very high when different materials are modeled together in 
the RVE model, it is almost impossible to do a test with a very high triaxiality 
state. In fact, it is reasonable to assume a cut off value for 
f
  when the 
triaxiality is very large since the ductile damage theory is not valid any more. 
At the same time, it is assumed that nylon 6 will not damage when the 
triaxiality is negative (corresponding to compression test) based on 
experimental work [108]. The 
f
   relationship is plotted in Figure 4.7. For 
fracture evolution, Hillerborg’s [82] fracture energy proposal is also adopted 
to address mesh sensitivity issues. As complete fracture occurs quickly after 
fracture initiation, the fracture energy G is set to be a small value. 
 
 
Figure 4.7 Fracture locus of nylon 6. Experiments vs curve fitting
2
.   
                                                 
2
 The test data with open circle is for PP/EPR/talc Blend, as there is no exact information 
for the nylon 6 in other literatures and the in-house test result is not satisfactory either. 
 [100] 




4.3.2 GTN model 
 
The Gurson-Tvergaard-Needleman (GTN) model was also applied to nylon 6 
to mimic its plasticity and damage behavior. The GTN model was originally 
set up to study damage evolution processes corresponding to void nucleation 
and expansion in porous media [96, 109, 110]. The original GTN model and 
its modified version have been applied to study the deformation of polymer 
materials. Boisot et al. [111] studied the deformation of nylon 11 by adopting 
a modified GTN model. Zaïri and co-workers investigated the macroscopic 
mechanical response of rubber toughened PMMA by incorporating the 
original GTN model [112]. Oral et al. also developed a method to determine 
the parameters of GTN model for polymer materials [113]. The GTN model 
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where q  is the effective Mises stress, p the hydrostatic pressure, y   the yield 
stress of the fully dense matrix as a function of the equivalent plastic strain in 
the matrix. For the material parameters 
1q , 2q and 3 ,q  it is common to have 
2
3 1 .q q  *f  is the damage parameter which accounts for the loss in stress 
carrying capacity due to void coalescence. *f  is defined in terms of the void 
volume fraction f by the following: 
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  cf  is a critical value of the void volume fraction, 
and 
Ff  is the value of void volume fraction at which there is a complete loss 
of stress carrying capacity in the material. In this study, its elastic and plastic 
properties for ideal and undamaged nylon 6 are extracted from experimental 
results reported in [18] up to the ultimate tensile strength (UTS) where 
necking initiates. After UTS, the stress value is kept constant at the ultimate 
value for simplicity. That is because after UTS, necking appears in the local 
part of the testing specimen. The necking cannot be captured by the plasticity 
theory with isotropic hardening used in this study. The Young’s modulus for 
pure nylon 6 is 1.5GPa and the Possion’s ratio is 0.42. The plastic stress 
versus strain relation with isotropic hardening behavior is defined in a tabular 
form. The GTN parameters for nylon 6 are 
1 2 32.5,  0.73,  6.25,  0.39cq q q f    and 0.4,Ff  according to [111, 113]. 
The initial void fraction is set to 0.01 based on the experimental observations 
on the pure nylon materials [111, 114].  
 
In order to verify the progressive ductile damage criterion and the GTN model, 
uniaxial tensile tests on a dog-bone sample were simulated computationally 
and the predicted stress-strain curves were compared with experimental data. 
As seen from Figure 4.8, the stress-strain curve of the pure nylon 6 obtained 
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from the numerical prediction can agree well with the experimental data when 
the strain is smaller than 0.3. After that, necking of the specimen occurs in the 
experiment and the numerical prediction cannot capture this phenomenon as 
well. However, it is still reasonable to employ the proposed progressive 
ductile damage criterion and GTN model to mimic the mechanical behavior of 




Figure 4.8 Comparison between experimental results and numerical prediction with 
implemented GTN model and PDD criterion. 
 
 
4.4 Results and Discussion 
 
Results of simulations which adopted the GTN model will mainly presented. 
This is because the GTN model has a stronger physical basis compared to the 
progressive ductile damage model. Only in the damage analysis part will a 
comparison between the GTN and progressive ductile damage (PDD) models 
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be elaborated. Determination of the critical RVE size for the NCN models was 
carried out in the same manner as for the ECN models and will not be 
presented again in this Chapter. In each RVE model 38 clay particles were 
randomly and periodically inserted to ensure there were enough particles in 
the RVE to be statistically representative of the nanocomposites. 
 
4.4.1 Parametric Study  
 
Experimental data for the tensile strength or strain to fracture of nylon 6/clay 
nanocomposites often varies over a large range due to different manufacturing 
techniques or environmental conditions, e.g., humidity. Prior to the 
comparison of numerical predictions of constitutive relationships with 
experimental data, parametric studies on the effects of particle size and the 
number of silicate layers in each nano-clay particle, on the elastic stiffness and 
tensile strength were carried out. Each parameter is varied independently 
while keeping the others constant. In this process, experimental results for the 
elastic stiffness were used for benchmarking. For each structural parameter 
combination, nine models of different resolution were generated to obtain an 
average of the predicted properties. Implicit FEM computations were used for 
calculating the elastic stiffness while explicit FEM simulations were 
performed for damage analysis. In the simulations, the Young’s modulus and 
the Possion’s ratio of the silicate layer were set at 400GPa and 0.16.  
 
4.4.2 Effect of Particle Size 
 
Chapter 4          Mechanical Characterization and Modeling of Nylon 6/clay Nanocomposites 
86 
 
The dependence of the predicted Young’s modulus of nylon 6/clay 
nanocomposites on particle size is plotted in Figure 4.9.a. The number of 
silicate layers in one clay particle is set to be N=2. Three particle sizes were 
 
 
Figure 4.9 Effect of particle size on (a) elastic modulus and (b) stress-strain response; 
Effect of number of layers on (c) elastic modulus and (d) stress-strain curve. 
 
simulated - 104nm, 156nm, 208nm.g i sd d d    It can be seen that the 
results obtained from the numerical predictions are close to experimental 
measurements [18]. The predicted elastic modulus increases with clay content, 
suggesting that the elastic modulus of the nanocomposites will be enhanced by 
the addition of nano-clay particles. It is also shown that the larger the particle 
size is, the higher the elastic stiffness will be. The effect of particle size on 
stress-strain curve is plotted in Figure 4.9.b. In this study, the stress 
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corresponding to an engineering strain of 0.1 was used for comparison. As can 
be seen, the smaller the particle size the lower the stress at engineering strain 
0.1. This trend compares well with the experimental findings [31].  
 
 
Figure 4.10 RVE model with 1% weight fraction of nano-clay (a) N=2 and 
104nm
g i s
d d d    (b) N=2 and 208nm
g i s
d d d    (c) and (d) stress distribution 
on silicate layers, (c) and (d) are extracted at the same tensile strain. The unit for the 
stress is GPa. 
 
Figure 4.10 shows the effect of particle size on transferring load. It should be 
noted when studying the particle size effect, only the particle diameter is 
changed, while the thickness of the clay platelet and the interfacial layers are 
kept as constants. Two RVE models with 1% weight fraction of nano-clay 
were generated, as shown in Figures 4.10.a and 4.10.b. The nano-clay particles 
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in these two models have the same distribution while the diameters of the 
nano-clay are 104nm and 208nm in Figures 4.10.a and 4.10.b respectively. 
The stress component along Y direction on the silicate layers when the RVE 
models are subjected to tension along the Y direction is plotted in Figures 
4.10.c and 4.10.d. It can be seen the stress values on the silicate layers are 
higher in Figure 4.10.d than those in Figure 4.10.c. The stress response taking 
into consideration the damage state was also observed in this study. It is found 
that the nylon 6/clay nanocomposites with larger particle size will lose stress 
bearing capacity more abruptly, thereby reducing their ductility accordingly. 
That is because the stress concentrations near the edges of larger particles are 
higher which consequently leads to earlier damage of the interphase layer.  
 
4.4.3 Effect of Number of Silicate Layers 
 
The effect of the number of silicate layers per nano-clay particulate on the 
predicted Young’s modulus of nylon 6/clay nanocomposites is plotted in 
Figure 4.9.c. The particle size is set as =104nm.
s
d  N=1 means a totally 
exfoliated state. As the number of silicate layers increases, the elastic stiffness 
decreases because the number of clay particles decreases. The effects of 
number of silicate layers on tensile strength are plotted in Figure 4.9.d. It is 
found that as the number of silicate layers decreases, the stress at engineering 
strain 0.1 increases. However, for intercalated nanocomposites, the nylon 
6/clay nanocomposites with higher degrees of exfoliation will experience 
softening at lower strains. This is because the spacing between the clay 
particles decreases as the number of silicate layers decreases for the same 
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weight fraction of clay particles. This would allow cracks to coalesce more 
readily. It also noted that when 3,N   further increase in the number of silicate 
layers will only slightly affect the overall response. 
 
4.4.4 Damage Analysis 
 
 
Figure 4.11 Comparison of stress-strain curves of nylon 6/clay nanocomposites with 2.5% 
weight fraction of nano-clay between numerical prediction and experiential data. For the 
RVE model, N=1 and 104nm.
g i s
d d d  
 
 
The constitutive relationship and fracture patterns of a RVE model with 2.5% 
weight fraction of nano-clay were studied and shown in Figure 4.11. Results 
are presented for N=1 and 104nm.g i sd d d    This means that the clay 
particles are completely exfoliated in the nylon 6 [18]. The experimental 
stress-strain plot is also reportedly that of a nanocomposites in a highly 
exfoliated state [18]. Figure 4.11 illustrates that the tensile stress-strain curves 
predicted by the GTN model compares very well with experimental data [18]. 
However, the stress-strain curve obtained by the progressive ductile damage 
(PDD) criterion shows a large discrepancy from the experimental data. From 
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section 4.3.2, it can be seen for pure nylon 6, the numerical predictions 
obtained from both the GTN model and progressive ductile damage (PDD) 
criterion agree well with the tensile experimental data. It means that the GTN 
model and PDD criterion are both accurate when the plastic deformation 
processes are relatively simple. However, in the nylon 6/clay nanocomposites, 
the plastic deformation process which is highly dependent on the stress 
triaxiality is very complicated due to the distribution of nano-clay. In this 
situation, the more physically sound GTN model can better capture void 
formation and crack propagation for the nylon 6.  
 
The numerical prediction by the GTN model is re-plotted in Figure 4.12. 
Figure 4.13 shows the damage sequences of nylon 6/clay nanocomposites 
corresponding to the three regimes, a, b and c, of the stress-strain curve in 
Figure 4.12. In order to clearly observe the damage sequence, a cross sectional 
view of a plane inside the model was obtained as shown in Figure 4.13. It was 
found that the damage always initiates from the interphase layers. At the 
beginning of the loading process, the interphase layer is perfectly elastic as 
shown in Figures 4.12 and 4.13.a. Regime b in Figure 4.12 corresponds to the 
tensile stress reaching the highest value. The corresponding damage pattern is 
shown in Figure 4.13.b. As can be seen, some parts of the interphase layers 
have been partially damaged but these interphase layers can still effectively 
transfer load between the silicate layers and the matrix. Upon further loading, 
some interphase layers are completely damaged and are removed in the 
simulation as shown in Figure 4.13.c. After the fully damaged interphases 
have been removed, the resulting voids will lead to an increase in the 
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hydrostatic stress of the surrounding polymer matrix. This accelerates the 
damage progression of the polymer matrix. Further loading will lead to abrupt 
drop in strength.  
 
 
Figure 4.12 Comparison of stress-strain curves of nylon 6/clay nanocomposites with 2.5% 
weight fraction of nano-clay between numerical prediction (GTN) and experimental data. 
For the RVE model, N=1 and 104nm.g i sd d d    
 
 
Figure 4.13 Damage patterns of the numerical prediction. SDEG denotes stiffness 
degradation factor. An element is regarded as totally damaged and is deleted when its 
SDEG reaches 1. 
 
4.4.5 Effect of Interface Strength 
 
In this section, the nanocomposites properties as a function of interfacial 
strength are presented. The structural parameters for the clay particle are set as 
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N=2 and 104nm.g i sd d d    Although the tensile strengths of the gallery 
layer and interphase layer were determined to be 146MPa and 135MPa 
respectively from MD simulations, their actual cohesive strength can be 
expected to be lower due to the presence of defects. The cohesive strength, 
,c  is scaled by a factor, K ( 0 1K  ) to account for this. When studying the 
influence of gallery and interphase strength, the traction-separation law is 
scaled accordingly. As can be seen from Figure 4.14, the elastic modulus of 
nanocomposites will not be affected significantly by the interfacial strength. 
However, the tensile strength of the nanocomposites will decrease as the 
cohesive strength decreases. This means that microcracks form more readily 
when presented with weaker interphases. This highlights that good interfacial  
 
 
Figure 4.14 Effect of strength of interfaces layers on stress-strain curve of nylon 6/clay 
nanocomposites with 2.5% weight fraction of nano-clay. 
 
strength is critical for manufacturing polymer/clay nanocomposites of high 
quality. For benchmarking purposes, a cohesive strength higher than 1, i.e., 
1.2K  , was set for the interfaces. In this case, the microcracks were found to 
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form from the area near but outside the interphase layer, as presented in Figure 
4.15. This is equivalent to the clay particles and polymer matrix having 
excellent adhesion. The damage is then caused by the inherently weaker 
adhesion strength between polymer chains of nylon 6 matrix. This 
phenomenon was also reported from experimental observations in [18].  
 
 
Figure 4.15 Damage caused by weak adhesion between polymer chains. VVF denotes the 
void volume fraction. 
 
4.4.6 Effect of Initial Stress Triaxiality on NCNs  
 
From simulations using the progressive ductile damage (PDD) criterion and 
the GTN model, it can be seen that the damage progression of ductile 
thermoplastic polymers is highly dependent on stress triaxiality. By adding 
low amounts of nano-clay into the polymer matrix, the polymer/clay 
nanocomposites could become much more brittle. In this section, the effect of 
stress triaxiality on stress-strain curve of nylon 6/clay nanocomposites was 
studied numerically.  
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Table 4.1 Stretches to generate different initial triaxiality.  
Initial triaxiality 1k  2k  
0.333 - * - 
0.667 1 - 
1.084 0 0 
1.444 0.1 0.1 
2.527 1 0.1 
* ‘-‘ means the surface can free shrink and the value for 
1 2
 and/or k k is not available. 
 
Different initial triaxialities for the RVE are firstly created. This can be 
achieved by implementing independent stretch variables ,  ,  X Y Z    along the 
X, Y, and Z directions on the surfaces of RVE, for example as in Figure 4.1.a. 
Initially, the nylon 6/clay nanocomposites is perfectly elastic and the 
triaxiality will remain constant. However, the triaxiality will be very high as 
the Mises stress of the RVE approaches to zero when the RVE undergoing 
plastic deformation. In this study, the triaxiality of each model is defined by 
the value at the initial state when the RVE is still perfectly elastic. As there are 
three independent stretch variables, different triaxialities can be obtained by 
different combinations of the stretch variables. The aim is to conduct a 
qualitative study, rather than give quantitative results for the triaxiality effect 
on the stress-strain response of NCNs. In order to simply the study, the stretch 
Y  along the Y direction is set to the length of the RVE, as .Y L   The stretch 
along the X direction 
X  and along the Z direction Z  are defined by: 
 
1X Yk           (4-10) 
and 
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2Z Yk           (4-11) 
 
where, 
1 2 and k k  are in the range of (0, 1). Values for 1 2 and k k  are carefully 
chosen and the corresponding initial triaxiality are obtained by carrying out 
numerical calculation as summarized in Table 4.1. 
 
 
Figure 4.16 Effect of initial triaxiality on stress-strain curve of NCNs. 
 
The stress-strain curves along the Y direction of the RVE model under 
different initial triaxialities are plotted in Figure 4.16. As can been seen, the 
larger the initial triaxiality is, the larger the maximum tensile strength will be. 
This is accompanied by a reduction in strain at the maximum tensile strength. 
When the initial triaxiality is higher than 1, the maximum tensile strength does 
not change much upon further increase in triaxiality. The results indicate 
although the nylon 6 becomes more brittle by the addition of small amounts of 
nano-clay particles, it is still very sensitive to triaxiality. 
 





The constitutive relationship of and the damage progression within nylon 
6/clay nanocomposites were studied by a hierarchical multiscale modeling 
method using a 3 dimensional RVE. There is no universal damage criterion 
which can apply to all polymer materials, particularly ductile polymer 
materials. A coupled ductile damage criterion, namely the GTN model, and an 
uncoupled ductile damage criterion, namely the progressive ductile damage 
criterion, were used to simulate damage in nylon 6. Results indicate that the 
GTN model is more physically representative and can more accurately capture, 
in terms of constitutive relationship, void formulation, growth and propagation 
of nylon 6 in the NCNs. Failure of nylon 6/clay nanocomposites was found to 
be caused by debonding of interphase layers. Although the parameters of clay 
particles do not significantly affect the elastic stiffness, the stress at 
engineering strain 0.1 of nylon 6/clay nanocomposites was found to increase 
with larger clay particles or less silicate layers. Interfacial strength 
significantly affects the strength of the nylon 6/clay nanocomposites. This 
emphasizes the importance of manufacturing PCNs with interfaces of high 
quality and helps the industry to better design and optimize polymer/clay 
nanocomposites. 
 
According to the studies in Chapter 3 and Chapter 4, the comparison between 
the two types of polymer/clay nanocomposites is briefly summarized. 
 
Based on the study of both epoxy/clay nanocomposites and nylon 6/clay 
nanocomposites, it was found that the performance differs between epoxy/clay 
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nanocomposites and nylon 6/clay nanocomposites. The damage of nylon 
6/clay nanocomposites was found to be mostly caused by debonding of the 
interphase layer. The possible reason is the strength of the gallery layer is 
higher than that of the interphase layer in the nylon 6/clay nanocomposites 
model. By adding small amounts of nano-clay, the stress at engineering strain 
0.1 increases in the nylon 6 nanocomposites model, while the tensile strength 
decreases in the epoxy nanocomposites model. This is mainly attributed to the 
different performance of the polymer matrix: nylon 6 is quite ductile, whereas 
epoxy is more like a brittle material.  
 
Nevertheless, these studies suggest the computational homogenization method 
implemented with 3D RVE model and appropriate damage criteria could 
successfully study the nano-clay reinforced epoxy and nylon 6 
nanocomposites. This method could be applied to other polymer/clay 
nanocomposites provided material properties of their constituents were well 
characterized. Moreover, it was found that the strength of the interphase layer 
or the gallery layer will significantly affect the strength of the polymer/clay 
nanocomposites. This finding emphasizes the importance of manufacturing 
polymer/clay nanocomposites with interfaces having high quality. 










Chapter 5  
Mechanical Characterization of Fiber Reinforced 




Despite all the advances in polymer nanocomposites, as discontinuous 
reinforcement, the nanoparticle filled polymer composites cannot achieve 
strength and the modulus values comparable to those of continuous fiber 
reinforced polymers (FRPs). A more practicable way for the development of 
new materials is to produce fiber reinforced polymer/clay nanocomposites 
(FRPCNs). In such a material system, the polymer/clay nanocomposites is 
treated as the nano-resin matrix.  
 
In this chapter, an effective clay model, which consists of silicate platelets, the 
gallery layers and the interphase layers, is proposed. A quasi-traction-
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separation law was developed to describe the material behavior of the 
effective clay. Using the effective clay model significantly reduced the 
computational time for the explicit finite element analyses. The properties 
along the fiber aligned direction are dominated by the fiber while the 
properties along the transverse direction mainly depend on the matrix. 
Therefore, after establishing the effective clay model, the damage behavior of 
FRPCNs under transverse tension was studied to determine if nano-clay 
reinforced polymer matrices has any advantages over a neat polymer matrix. 
 
 
5.1 Effective Clay Models 
 
Initially, explicit FEM was employed to overcome numerical instability 
commonly experienced in simulating damage problems. As the thickness of 
the clay platelet is very small and the platelet is very stiff, an extremely small 
time increment is needed to ensure stability in the computation. In the 
FRPCNs, the thickness of the clay platelet is around 1nm whereas the 
diameter of the fiber is at the scale of several micrometers. Therefore, the size 
difference between the clay platelet and the fiber is very large. Incorporating 
the fiber into the RVE would result in the size of the numerical model for 
FRPCNs being much larger than that of the PCNs. This will require 
significantly more computational effort. In order to overcome these difficulties, 
an effective clay model was introduced to study the mechanical properties of 
fiber reinforced polymer/clay nanocomposites. Effective clay models, which 
have been extensively adopted in analytical approaches [29], account for the 
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interphase layer, the silicate layer and the gallery layer. Clay particles which 
explicitly consist of the platelets of constituents, as shown in Figure 5.1.a, are 
referred to as explicit clay models as opposed to the effective clay model show 
in Figure 5.1.b. As the thickness of the effective clay is several times higher 
than that of the mono clay platelet, the computational time step can be much 
larger resulting in shorter computational times.  
 
 
Figure 5.1 Explicit clay model and Effective clay model. 
 
In the effective clay, all the materials including the interphase layer, the 
gallery layer and the silicate layer were treated as isotropic materials. Based 
on the study in Chapters 3 and 4, the critical areas are respectively the gallery 
layer and the interphase layer for ECNs and NCNs. Therefore, the interphase 
layer was not modeled for the effective clay in ECNs, while for NCNs the 
effective clay consists of all three interphase, gallery and silicate layers. From 
Figure 5.1.b, it can be seen that the effective clay behaves as a kind of 
orthotropic material with transverse isotropy in the 2-3 plane. Here, direction 1 
is defined to be normal to the clay platelet and the elastic modulus along the 
normal direction is defined as 
1.E  The elastic modulus in the transverse 
isotropic plane is defined as 
2.E  
 




5.1.1 Quasi-Traction-Separation Law 
 
A quasi-traction-separation law based on the effective response was developed 
for the effective clay model. The quasi-traction-separation law describes a 
material with orthotropic and transversely isotropic behaviors, including its 
elastic and damage behavior. The quasi-traction-separation law was obtained 
by homogenizing the explicit clay model. Thus, damage only occurs along the 
normal direction and two shear directions, i.e., directions 1, 12 and 13 in 
Figure 5.1. The damage evolution was defined as a function of the effective 
displacement. The proposed quasi-traction-separation law was implemented in 
ABAQUS via a user-defined material subroutine (VUMAT). The elastic 
behavior and the damage behavior of the effective clay and the 
implementation of the quasi-traction-separation law are discussed in the next 
two sections. 
 
5.1.1.1 Elastic Behavior of Effective Clay Model 
 
The effective clay model is an orthotropic material with transverse isotropy. 
Hence, there are a total of 5 independent elastic constants for the effective clay. 
They are 
1 2 12 23 12,  ,  ,   and .E E G   With 6 independent components either for 
stress and strain in a 3D problem, the stress-strain relationship can be 
expressed in terms of engineering constants through a compliance matrix as 
follows:  
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          (5-2) 
 
where, 
12 21 23,   and   
 
are the Possion’s ratio. 
12G  is the shear modulus. The 
effective elastic parameters for the effective clay model can be obtained either 
by analytical or numerical approaches. Since the effective clay model consists 
of inhomogeneous constituents with a large difference in terms of Possion’s 
ratio, the analytical solutions tend to underestimate the value of the elastic 
properties [19]. Therefore, the numerical approach was adopted to obtain the 
elastic properties of the effective clay model. The damage properties, i.e., 
tensile strength, of the effective clay model can also be obtained by the 
numerical calculation. 
 
To obtain the elastic constants of the effective clay, three kinds of 
displacement controlled boundary conditions need to be applied to a cubic 
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effective clay model. For a model of length of a, these boundary conditions 
are summarized in Table 5.1. Displacement boundary conditions are used so 
the stiffness matrix is firstly solved. The compliance matrix, as shown in Eqn. 
5-1, is the inverse of the stiffness matrix. The elastic constants are then 
calculated accordingly based on the elements of the compliance matrix. 
 
















1( 1)   
1 0u   1u a  2 0u   2 0u   3 0u   3 0u   
2-tension 
2( 1)   
1 0u   1 0u   2 0u   2u a  3 0u   3 0u   
12-shear 


















 1 0u   1u a  3 0u   3 0u   
 
 
For the effective clay model in ECNs, the Possion’s ratio for the gallery layer 
and silicate layer are respectively 0.4 and 0.16 [13]. The elastic moduli are 
1.15GPa and 400GPa for these two materials. The thicknesses of the gallery 
and the silicate layers are, 1.95nmgh  and 0.95nmsh  respectively. From 
Table 5.2, it can be seen that both 
1 2 and E E  
decrease as the number of silicate 
layers in the effective clay particle increases. This is because the volume 
fraction of the silicate decreases when N increases from 2 to 5. Here, N still 
refers to the number of silicate layers in each effective clay model. 
 




Table 5.2 Elastic properties of effective clay in epoxy/clay nanocomposites. 
No. of silicate layers 1E  (GPa) 2E (GPa) 12  23  12G  (GPa) 
2N   5.70 198.01 0.011 0.160 0.798 
3N   5.00 169.60 0.012 0.161 0.700 
4N   4.76 158.26 0.013 0.162 0.667 
5N   4.64 152.17 0.014 0.163 0.651 
 
 
Table 5.3 Elastic properties of effective clay in nylon 6/clay nanocomposites. 
No. of silicate layers 1E  (GPa) 2E (GPa) 12  23  12G  (GPa) 
1N   5.55 32.01 0.090 0.182 1.044 
2N   5.71 47.89 0.060 0.173 1.030 
3N   5.75 57.93 0.050 0.170 1.020 
4N   5.76 64.87 0.044 0.168 1.014 
 
For the effective clay in NCNs, the Possion’s ratio for the interphase, gallery 
and silicate layers are respectively 0.4, 0.4 and 0.16 [18]. The elastic moduli 
are 2.71GPa, 2.06GPa and 400GPa for these three materials. The thicknesses 
of the gallery, interphase and silicate layers are 2.82nm,gh  6nmih  and 
0.95nm,sh  respectively. From Table 5.3, it can be seen that both 1 2 and E E
increase as the number of silicate layers increases. Only factors that will 
finally determine the elastic properties of the effective clay model are the 
thickness and stiffness of layers as well as the number of silicate layers. It 
should be noted different trends of dependency of elastic stiffness on the 
number of silicate layers, N, in ECNs and NCNs are obtained when the 
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interphase layer is included or excluded in the effective clay model. When the 
N increases from 1 to 4, the addition of the interphase layer could increase the 
volume fraction of the silicate, leading to an increase in the effective elastic 
stiffness. 
 
5.1.1.2 Damage Behavior of Effective Clay Model 
 
For the effective clay model, damage only occurs in the normal direction and 
two shear directions. Based on Eqn. 5-1, the corresponding strain and stress 
components are 
1 5 6 1 5 6,  ,   and ,  ,  .       In the quasi-traction-separation law, 
damage initiation is predicted by the maximum strength criterion which is 
mode independent, as:  
 





c  and 6
c  are the quasi-cohesive strengths at which effective clay 
failure takes place. The Macaulay brackets  are used to indicate that damage 
only occurs under positive stress. Once damage initiation has been detected, 
the degradation factor is determined as a function of the effective 
displacement. Figure 5.2 shows the quasi-traction-separation law with 
different number of silicate layers for the effective clay model used in the 
NCNs model. It indicates that as the number of silicate layers, N, increases, 
the displacement at damage initiation accordingly increases. However, the 
maximum strength remains at a constant 135MPa with varying N values. This 
is because the strength of the effective clay model is determined by its weakest 
Chapter 5    Mechanical Characterization of Fiber Reinforced Polymer/clay Nanocomposites 
106 
 
constituent – the interphase layer. The effective clay model in the ECNs has 
the same trend for damage behavior. Its quasi-traction-separation law is not 
presented here.  
 
 
Figure 5.2 Quasi-traction-separation law for effective clay models with different number 
of silicate layers, (for the NCNs model). 
 
5.1.2 Validation of Effective Clay Model 
 
The RVE model in which each material phase is explicitly modeled is referred 
to as the explicit RVE model, while the effective RVE model contains only the 
effective clay particles and the polymer matrix as shown in the Figure 5.3. In 
order to validate the effective clay model, both an explicit and an effective 
RVE model with similar distributions of nano-clay are constructed. The 
macroscopic responses in terms of elastic modulus as well as damage behavior 
were then compared. The local material orientation was added by using the 
python programming to represent the orthotropic and transverse isotropic 
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behavior of the effective clay model. The yellow colored local coordinate 
systems are presented in the Figure 5.3.b.  
 
 
Figure 5.3 (a) The explicit RVE and (b) the effective RVE. The weight fraction of nano-
clay is 3%. 
 
5.1.2.1 Elastic Properties of ECNs 
 
 
Figure 5.4 Dependency of elastic modulus of explicit RVE and effective RVE on the 
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Figure 5.5 Dependency of elastic modulus of explicit RVE and effective RVE on 
diameter of clay particle, (for ECNs). 
 
To study the effect of the number of silicate layers, N, for the effective clay 
model in ECNs, the diameter of the clay particles was set to 208nm. To study 
the effect of the size of the clay particle, N=2 was used. The weight fraction of 
nano-clay is kept at 3%. As seen from Figures 5.4 and 5.5, the differences 
between the effective clay RVE model and the explicit RVE model in terms of 
elastic modulus are less than 2%.  
 
5.1.2.2 Elastic Properties of NCNs 
 
In the NCNs model, the elastic modulus of the macroscopic response of the 
effective RVE was also compared with that of the explicit RVE model. For the 
effective clay model in NCNs, the diameter of the clay particles was set to 
104nm when studying the effect of the number of silicate layers, N. N=1 was 
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fraction of nano-clay is kept at 2.5%. As seen from Figures 5.6 and 5.7, the 
differences between the effective clay RVE model and explicit RVE model in 
terms of elastic modulus again are less than 2%.  
 
 
Figure 5.6 Dependency of elastic modulus of explicit RVE and effective RVE on the 
number of silicate layers, (for NCNs). 
 
 
Figure 5.7 Dependency of elastic modulus of explicit RVE and effective RVE on 
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From Figures 5.4 to 5.7, it can be seen that the elastic moduli obtained from 
the effective RVE have negligible discrepancy from those of the explicit RVE. 
A benchmark study for the ECNs model was carried out to obtain an insight 
into the reinforcement mechanism of the effective RVE. In the benchmark 
study, RVE models with one explicit clay or one effective clay, with N=2, 
placed in the center of the RVE and parallel to the XZ plane were generated as 
shown in Figure 5.8. The RVE models are then subjected to uniaxial tensile 
stress along the Y direction. Figure 5.9 shows that the stress distributions 
within the matrix material are almost the same for the explicit RVE and 
effective RVE. It should be noted the local deformation around the clay is 
different in the effective RVE from that in the explicit RVE as shown in 
Figure 5.9, leading to slight differences in their elastic moduli. Nevertheless, it 
still can be seen that the effective RVE model is able predict the elastic 












Figure 5.9 Benchmark study showing the stress contours of matrices of (a) explicit RVE 
and (b) effective RVE. The unit is GPa. 
 
5.1.3 Damage Analysis 
 
Besides the elastic response, the damage behavior of effective RVE for PCNs 
was also studied to validate the effective clay model. Quasi-static and uniaxial 
stress tensile boundary conditions were prescribed. 
 
5.1.3.1 Damage Analysis of ECNs 
 
As seen from the Figure 5.10, the damage patterns from the effective RVE 
compared well with the those predicted by the explicit RVE as well as 
experimental observations, as shown in Section 1.2.1 [11]. In the effective 
RVE, the smallest size of the element is determined by the effective clay 
model, which also has the highest stiffness. The simulation time can be 
reduced by more than 4 times by using the effective clay model. This is a 
significant improvement and very important for the progressive damage 
analysis.  





Figure 5.10 Numerical predictions by effective RVE model of damage sequence of 
epoxy/clay nanocomposites with 3% weight fraction of nano-clay. 
 
The stress-strain curves shown in Figure 5.11 again show that the elastic 
moduli of the effective RVE and explicit RVE compare well. However, the 
local deformation for the explcit clay and effective clay are different. As the 
damage is highly influenced by the local deformation, the relative differences 
between the effective RVE and explicit RVE are expected to increase for 
damage analysis. As the damge of the epoxy/clay nanocomposites is laregly 
determined by loads normal to the clay platelets, the strength of ECNs is 
determined either by the strength of the effective clay in the effective RVE or 
the strength of the gallery layer in the explicit RVE. The materials in the 
benchmark study, as shown in Figure 5.8, are restricted to be only elastic 
without damage. Figure 5.12 shows that the stress distribution (in the Y 
direction, 
Y ) along the diameter of the clay particle at certain strain value. 
The stress value is used for qualitative comparison. It can be seen that the 
Y  
of the effective clay is higher than that of the gallery layer of the explicit clay. 
Therefore, damage initiation occurs at lower loads in the effective RVE, i.e., 
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the strength of the effective RVE model is slightly lower than the explicit 
RVE model as presented in Figure 5.11. Based on the study of the ECNs, it 
can be concluded the effective RVE is a conservative model in terms of the 
tensile strength. As shown by Figure 5.12, it should also be noted stress 
distributions are different in trend near the edge of the clay particles. The 
reason could be explained as follows. There is only one clay particle which is 
normal to the tensile direction for plotting Figure 5.12. In the explicit model, 
the gallery layer is modeled in between two silicate layers. In this case, the 
gallery layer may have some kind of relaxation effect. While the effective clay 
is modeled as a whole part with effective properties obtained from the explicit 
clay. However, it was found that the stress distributions between the effective 
RVE and explicit RVE are very similar when there are enough randomly 




Figure 5.11 Stress-strain curve of ECNs with effective RVE and explicit RVE. 
 




Figure 5.12 Stress distribution (in the Y direction,
Y ) along the diameter of the clay 
particle. 
 
5.1.3.2 Damage analysis of NCNs 
 
 
Figure 5.13 Damage patterns of NCNs from numerical predictions using (a) explicit RVE 
and (b) effective RVE models. 
 
In addition to the damage patterns predicted by the effective RVE being 
different from those calculated by the explicit RVE for the NCNs as shown in 
Figure 5.13, the stress-strain curve obtained by the effective RVE is also 
different from the prediction of explicit RVE as seen in Figure 5.14. It can be 
seen that a higher tensile strength was achieved by the effective RVE and the 
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stress drops more sharply after the maximum tensile stress is reached. 
Differences between the effective RVE and explicit RVE for NCN can be 
expected, just as in the ECN models. However, the epoxy in the ECN model is 
defined as a perfectly elastic material which loses its load bearing capacity 
more quickly once damage initiation has occurred. In contrast, the nylon 6 in 
the NCNs model is more ductile and damage propagation is more complex. 
Therefore, for the NCNs model, predictions by the effective RVE and explicit 
RVE models show more significant differences both for the damage patterns 
and the stress-strain curves. This need to be further explored.  
 
 
Figure 5.14 Stress-strain curve of NCNs with effective RVE and explicit RVE models. 
 
 
5.2 Mechanical Characterization of Fiber Reinforced 
Polymer/clay Nanocomposites  
 
Incorporation of nano-clays into the matrix system for fiber reinforced 
composites has also been recently experimentally studied by several groups as 
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discussed in Chapter 1. It is believed that the addition of a small amount of 
nano-fillers into the fiber reinforced polymer composites system will improve 
the mechanical properties through the reinforcement of nano-fillers in the 
matrix. However, there are still many challenges in characterizing the 
mechanical properties, particularly the damage mechanisms, of the FRPCNs 
through computational modeling. The main obstacle is the lack of information 
on the interface between the fibers and the matrix. Another challenge in 
simulation arises due to the difference in the length scale of the nanoparticles 
and the fiber reinforcements, which typically have diameters in the micron 
range, by several orders of magnitude. 
 
 
Figure 5.15 Unit cell models for micromechanics analysis (a) square model and (b) 
hexagonal model, reprinted from [115]. 
 
As the damage model for epoxy is much simpler than that for nylon 6 and the 
damage behavior predicted by effective RVE model for ECNs system is in 
closer agreement with the explicit RVE model than for the NCNs system, the 
FRPCNs in this study is restricted to FRECNs. In the micromechanics analysis, 
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a representative volume element (RVE) or a unit cell with appropriate 
periodical boundary conditions is used to model the ply structure with 
common fiber arrangements [115, 116]. Usually two typical unit cell models - 
square fiber array and hexagonal fiber array - as shown in Figure 5.15 are used. 
The geometric sizes of the models usually are given as, H W L  in the square 
model and 3 3H W L   in the hexagonal model. The hexagonal model was 
chosen to study damage of FRPCNs which were subjected to transverse 
tension. The uniaxial stress boundary condition defined in Section 2.2 was 
also used.  
 
 
Figure 5.16 Illustration of fiber reinforced polymer/clay nanocomposites. 
 
 
Figure 5.17 FRPCNs model with meshes. (a) fiber (b) interface between fiber and matrix 
(c) matrix and (d) clay particles. The volume fraction of fiber is 60%. 
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Figure 5.16 shows the RVE model for the FRECNs with 1% weight fraction of 
nano-clay. Figure 5.17 are the meshed part for the FRPCNs. As can be seen 
from Figures 5.16 and 5.17, there are four phases for the FRECNs. They are 
the fiber, nano-clay, matrix, and the interface between the fiber and matrix. 
The effective clay is meshed with C3D8R element while all other constituents 
are meshed with C3D4 element. Although the effective clay model was 
adopted, the size difference between the effective clay and the fiber is still 
very large. The thickness of the effective clay is usually 3-20nm, depending on 
the number of silicate layers in each nano-clay, while the diameter of the fiber 
usually is several micrometers. To build a RVE which could explicitly have 
fiber, effective clay and the interphase seems to be still a very difficult work. 
In this study, the diameter of the fiber is reduced to a reasonably small value 
of 1000nm. The effective clay consists of 2 layers of silicate with 108nm in 
diameter. The material properties for the effective clay are similar to those 
described in Section.5.1. The material properties of the carbon fiber T-300 
used for the fiber in the FRECNs model are summarized in Table 5.4. It was 
assumed that the fiber is not damaged under transverse loading.  
 
Table 5.4 Material properties for fiber [19]. 
Material 1E  (GPa) 2E (GPa) 12  23  12G  (GPa) 
Fiber 220.633 13.789 0.2 0.25 8.97 
 
As the properties of all other phases have been obtained, the main obstacle is 
the lack of information on the interface between the fibers and the matrix. 
Experiments report that adding nano-clay could improve the interfacial 
strength of the interphase [52, 63, 66]. However, the improvement could only 
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be studied at the molecular scale by taking into account the force fields 
between the molecules of clay, fiber and matrix. However, it is rare to find 
such MD simulations due to requirement of vast computational resources. In 
this study, the fiber-matrix interface is treated as an isotropic material. The 
elastic modulus of the interface is equal to the modulus of the epoxy matrix, as 
3.5GPa. For damage analysis, different damage patterns can be obtained by 
varying the strength of the interface and the nano-clay.  
 
5.2.1 Elastic Properties of FRECNs 
 
For the FRECNs, the transverse elastic modulus increases when nano-clay is 
added, as shown in Figure 5.18. This is expected as the addition of nano-clay 
increases the modulus of the matrix which dominates the transverse property 
of FRPCNs. The improvement could be attributed to the stiffened behavior of 
the matrix modified by the nano-clay. This trend compares well with 
experimental data [66], as shown in Figure 5.19.  
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Figure 5.19 Transverse modulus of glass fiber/epoxy nanocomposites with various 
organoclay loadings, reprinted from [66]. 
 
5.2.2 Damage Analysis of FRECNs 
 
Tsai [66] found that the tensile strength of glass fiber reinforced epoxy/clay 
nanocomposites increases when the content of the nano-clay increases, as 
shown in Figure 5.20. In order to understand the strength enhancing 
mechanism, Tsai also observed the failure surfaces of glass fiber reinforced 
epoxy/clay nanocomposites by using scanning electron microscopy (SEM). As 
shown in Figure 5.21, for conventional composites, the failure surfaces of the 
fibers are featureless and smooth, which indicates that interfacial debonding is 
the main failure mechanism. On the other hand, for the glass fiber reinforced 
epoxy/clay nanocomposites, the fibers still surrounded and adhered to the 
matrix; consequently, matrix cracking is the primary failure mechanism. It was 
concluded that the nanocomposites modified by the nano-clay possess better 
interfacial bonding than the conventional ones. As a result, the increasing 
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behavior of the transverse tensile strength could be attributed to the improved 
interfacial strength provided by the nano-clay.  
 
 
Figure 5.20 Transverse tensile strength of glass fiber/epoxy nanocomposites with various 
organoclay loadings, reprinted from [66]. 
 
 
Figure 5.21 SEM micrographics of glass fiber/epoxy nanocomposites samples (a) pure 
epoxy and (b) 5% weight fraction of organoclay, reprinted from [66]. 
 
As the effective clay can also suffer damage, it plays the same role as the 
gallery layer in the ECNs. From Chapter 3, it can be concluded that effective 
clay with weaker strength leads to a remarkable drop in the strength of 
polymer/clay nanocomposites. Although the interface between the fiber and 
matrix is one critical factor which can influence the transverse tensile strength 
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of the FRECNs, the damage of the effective clay could also be another factor. 
In order to verify the experimental observations reported in [66] and obtain a 
better understanding of the damage mechanism of FRECNs, a parametric 
study on the competitive effect of strength of effective clay and the interface 
was carried out. The strength of the fiber-matrix interface 
i  was set to 
62.5MPa (the strength of the matrix), 25MPa and 5MPa. The nano-clay was 
either modeled without failure or was prescribed strengths of 25MPa and 
5MPa. From Figure 5.22, it can be seen that for the same strength of the 
interface, the macroscopic strength of the FRECNs does not change much, 
although weaker strength of nano-clay leads to slight decrease in the strength 
of FRECNs. However, by decreasing the strength of the interface, the strength 
for FRECNs also significantly decreases. This means the key factor which 
controls the transverse tensile strength of the FRECNs is the strength of the 




Figure 5.22 Effect of strength of interface on the transverse tensile strength of FRECNs. 
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The damage patterns of FRECNs with weak and strong fiber-matrix interface 
were also studied and presented in Figure 5.23. It can be seen that interfacial 
debonding is the main cause of damage in the case where the interfacial 
strength is weak, while a strong interfacial strength will lead to matrix 
cracking being the primary reason for damage. It should be noted that damage 
of the effective clay will not readily propagate into the matrix, which will 
generate macrocracks leading to total loss in load bearing capacity, although 
effective clay with low strength can lead to damage at very low loads. This 
study also emphasizes the importance of quantitatively studying the effect of 
nano-clay on the interfacial properties in FRECNs and other FRPCNs. 
 
 





In this chapter, an effective clay model, which consists of silicate platelets, the 
gallery layer and the interphase layer, was proposed to save computational 
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time in explicit finite element analysis. A user defined material model 
(VUMAT) was developed in Abaqus for the effective clay model. The 
VUMAT describes a quasi-traction-separation law for the effective clay. The 
effective clay RVE model was verified by comparing it with the explicit clay 
RVE model. It is found that the effective clay model is more conservative in 
terms of tensile strength compared with the explicit clay model. Finally, the 
damage behavior of FRPCNs under transverse tension was studied by 
implementing a computational homogenization method. It was found that the 
addition of nano-clay into fiber reinforced composites could increase the 
transverse elastic modulus. The transverse tensile strength of FRPCNs is 
determined by the strength of the interface between the fiber and the matrix 
rather than the strength of effective clay. However, the nano-clay effect on the 
interfacial strength of interface need be further investigated using the 
molecular mechanics analysis. 










Chapter 6  
Conclusions and Recommendations 
 
 
Conclusions on two main objectives, namely, developing a 3D representative 
volume element model to perform damage analysis of polymer/clay 
nanocomposites and analyzing the effect of polymer/clay nanocomposites on 
bulk behavior of unidirectional fiber reinforced polymer/clay nanocomposites 
under transverse tensile loading, will be addressed separately. Limitations will 





The primary objective of this study was to characterize the damage behavior 
of two polymer/clay nanocomposites (PCNs) systems, namely the nylon 6/clay 
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nanocomposites and the epoxy/clay nanocomposites. Although the polymer 
matrices used in these two systems are different, their microstructures are 
almost the same. A 3D representative volume element (RVE) model which 
consist of the polymer matrix, the clay platelet, the gallery layer and the 
interphase layer was developed to mimic the microstructure of the actual 
polymer/clay nanocomposites. Appropriate damage criteria were used to 
describe the material behavior of these constituents. Effects of structural 
parameters of clay particles, such as the clay particle size and the number of 
silicate layers, on the constitutive relationship and damage behavior of the 
PCNs were studied. Computational hierarchical multiscale homogenization 
models of the PCNs were constructed and analyzed using the explicit finite 
element method. The material properties of the gallery layer and the interphase 
layer used in the FEM model were obtained from MD simulations. The main 
findings for the ECNs model and NCNs model are as follows. 
 
For the epoxy/clay nanocomposites models, it was found that the predicted 
constitutive relationship and fracture patterns are close to experimental data 
reported in literature [11, 13]. The damage of epoxy/clay nanocomposites 
could be caused by several factors, such as splitting of the gallery layer, 
debonding of the interphase layer or stress concentration around the clay 
particle. All of these three types of damage mechanisms were observed in 
reported experimental studies [11, 13]. Moreover, not all parameters of the 
clay particles significantly affect the elastic stiffness or the tensile strength of 
epoxy/clay nanocomposites, e.g., particle size, number of silicate layers in per 
particle. However, the galley strength will significantly affect the strength of 
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the epoxy/clay nanocomposites, which could explain why the tensile strength 
of nanocomposites often shows a much larger variation in experiments than 
elastic properties.  
 
For the nylon 6/clay nanocomposites model, the predicted results of the stress-
strain response was also shown to be in agreement with experimental data 
reported in literature [18]. The damage of nylon 6/clay nanocomposites was 
found to be mainly caused by debonding of the interphase layer. It was also 
experimentally reported that the clay particles can better exfoliate in the nylon 
6/clay nanocomposites model than in the epoxy/clay nanocomposites model, 
which leads the number of formed gallery layers to be quite small [18]. 
However, it was found that the damage still results from the debonding of 
interphase even when the gallery layer was added into the numerical model. 
The possible reason is the strength of the gallery layer is higher than that of 
the interphase layer in the nylon 6/clay nanocomposites model. Moreover, the 
structural parameters of the clay particles may not significantly affect the 
elastic stiffness. The stress at engineering strain 0.1 could increase when nylon 
6/clay nanocomposites model are reinforced with larger clay particles or 
particles with lower number of silicate layers. This is because particles with 
larger size (aspect ratio) could more effectively transfer load. A higher degree 
of exfoliation also increases the aspect ratio of the clay platelets and the 
interphase region to enhance stress transfer. When the interphase layer has a 
relatively higher strength, the damage initiates from the polymer matrix 
outside of the interphase layer. This may be due to the inherent weak adhesion 
strength between the polymer chains.  
Chapter 6                                                                            Conclusions and Recommendations 
128 
 
In summary, 3D RVE model was developed and it could accurately simulate 
actual polymer/clay nanocomposites. To the best knowledge of the author, this 
is the first 3D RVE model which takes into account the damage behavior for 
both the interfacial layers and the polymer matrix in polymer/clay 
nanocomposites. Based on the study of both epoxy/clay nanocomposites and 
nylon 6/clay nanocomposites, it was found that different damage mechanisms 
are present in epoxy/clay nanocomposites and nylon 6/clay nanocomposites. 
This is mainly due to the different material behavior of their constituents, 
especially the polymer matrix. However, this study suggests the hierarchical 
multiscale modeling method implemented with 3D RVE model and 
appropriate damage criteria can be used to study some aspects of nano-clay 
reinforced epoxy and nylon 6 nanocomposites. This method could be applied 
to other polymer/clay nanocomposites provided material properties of their 
constituents are well characterized. Undoubtedly, the strength of the 
interphase layer and the gallery layer will significantly affect the strength of 
the polymer/clay nanocomposites. This emphasizes the importance of 
manufacturing polymer/clay nanocomposites with interfaces having high 
quality. Furthermore, the hierarchical multiscale approach could also be used 
to study the damage behavior of structural problems which is quite expensive 
and difficult to be characterized experimentally. 
 
For the fiber reinforced polymer/clay nanocomposites, an effective clay model 
was proposed to reduce computational time in explicit finite element analysis. 
A user defined material model (VUMAT) was developed in Abaqus to 
describe a quasi-traction-separation law for the effective clay. This effective 
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clay model was verified by comparing it with the explicit clay models. It is 
found that the effective clay model gives more conservative predictions of 
tensile strength compared with the explicit clay model. Finally, the damage 
behavior of FRPCNs under transverse tension was studied. It was found that 
the addition of nano-clay into fiber reinforced composites could increase the 
transverse elastic modulus. It is also shown that the transverse tensile strength 
of FRPCNs is determined mainly by the strength of the interface between the 
fiber and the matrix rather than the strength of the effective clay.  
 
There are admittedly some limitations that need further attention. For 
polymer/clay nanocomposites, a concurrent multiscale modeling method could 
be more accurate because of the strong coupling of events at different length 
scales throughout the entire damage evolution. However, in this study the 
hierarchical multiscale modeling strategy rather than the concurrent multiscale 
modeling method was adopted because the computational cost could be 
unreasonably high for damage problems with complex microstructures using 
the concurrent multiscale modeling method. Secondly, periodic boundary 
conditions (PBCs) could not be prescribed exactly using the constrained 
equations in the commercial FEM software, ABAQUS. The simulation time 
was also prohibitively large when the number of constrained equations 
exceeds 1000 in explicit FEM. The lack of information on the interface 
between the fibers and the matrix is the main obstacle to accurately 
characterize the damage behavior of fiber reinforced polymer/clay 
nanocomposites. 
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6.2 Recommendations for Future Work 
 
The following possible directions for future work are proposed: 
 
(1) The damage behavior of other types of nanometer-sized fillers reinforced 
polymer nanocomposites could be characterized, such as polymer/nanotube 
nanocomposites or polymer/silica nanocomposites. It can be expected the 
properties of the interphase between the nano-fillers and polymer matrix still 
play a critical role in determining the macroscopic performance of such 
nanocomposites systems. 
 
(2) The nano-clay effect on the strength of interface between the fiber and 
matrix in the FRPCNs system needs be investigated by using the molecular 
mechanics analysis. This could help understand the effects of PCNs when they 
are used as the matrix system in traditional fiber reinforced composites. 
 
(3) Only unidirectional fiber reinforced polymer/clay nanocomposites 
subjected to transverse tension was studied. A possible extension of this work 
is to study structural problems. By incorporating the multiscale modeling 
method, the simulations on macroscopic flexural test may be performed. 
Rather than the unidirectional fiber more complex type of fiber reinforcements, 
i.e., woven fiber reinforced polymer/clay nanocomposites could also be 
studied. 
 
(4) Another possible extension of the work is to model crack propagation in 
nanocomposites with the extended finite element method (X-FEM). 
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Computational models for damage analyses are commonly based on 
traditional FEM. Examples including the brittle cracking model, progressive 
ductile damage model, GTN model and cohesive zone model have been used 
in this study. In these kinds of computational models, elements will be 
removed when a damage criterion is reached. In contrast to traditional FEM, 
the X-FEM can explicitly simulate the crack with strong displacement 
discontinuity which is achieved by nodal enrichments [117, 118]. Typically, a 
jump function and a crack-tip function with partition of unity are used to 
model the discontinuous crack surfaces. This method provides an accurate and 
robust model in analyzing crack problems. Because of these features and 
advantages, X-FEM has been exploited to study the fracture properties of 
composite [119, 120]. However, it is still a challenging task to implement X-
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